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SUMMARY 
The work in this thesis has been devoted to studying the 
influence of liquid film thickness on the characteristics of airblast 
atomizers. The research was carried out using two special atomizers 
that were both designed to produce flat liquid sheets which were 
atomized by high velocity air streams acting on both sides of the 
shoot. The liquid was injected through sintered plates in the first 
design, while the film issued from a variable gap, slot in the second 
design. 
The investigation was divided into the following phases 
(1) The different stages of the sheet disintegration were observed 
and recorded by means of a photographic technique which 
employed a very fast flash of 0.2 microsecond duration to 
allow detection of the formation of the short life ligaments 
on the atomizing edge, Various liquid solutions were used 
to ascertain the changes which might accompany the mechanism 
of disintegration due to. the variation of the main liquid 
properties namely viscosity, surface tension and density. 
Also the effect of air velocity and sheet thickness were 
6onsidered. 
(2) Due to the importance of studying all the factors affecting 
the drop distribution of sprays from the viewpoint of 
evaporation and the problem of exhaust smoke, a set of 
experiments were conductedq and the corresponding drop 
distributions were obtained, by a photographic technique 
which had the advantage of not disturbing the spray. 
(3) In the third phase the thickness of the liquid sheets were 
measured experimentally by a needle contact device and the 
results were compared with the thickness determined from 
some flow models and from theoretical analysis. The effects 
of air and liquid properties and a characteristic dimension 
of the atomizer were used to derive a dimensionally correct 
expression which could predict the thickness of the sheets 
encountered in airblast atomizers. 
(4) The performance of the airblast atomizer was examined under 
the various conditions of air velocity and liquid'flow rate 
for a predetermined sheet thickness which was kept constant 
by adjusting the'slot gap width of the atomizer. Consequently, 
the influence of liquid sheet thickness on mean drop size was 
determined. 
(5) It was considered essential to study the effect of air pressure 
for both liquids of low and high viscosity. Therefore air 
pressure was varied between 1, and 7.5 x 105 N/m 
2 (about I to 
7.5 atm) and the corresponding values of S. M. D. were measured, 
ii 
All the measurements of mean drop size were carried out using the 
light scattering technique, and after careful consideration of 
the results obtained on, the effects mentioned above, the following 
equation was derived 
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which is dimensionally consistent and covers wide ranges of air 
and liquid properties and film thicknessese 
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INTRODUCTION 
I 
CHMTER I 
INTRODUCTION 
In recent years the need for more efficient and reliable gas 
turbine engines for both aircraft and industrial installations has led 
to intensive research in this field to establish the main design rules 
for the different components of the gas turbine engine. Now the 
development of combustion chamber performance depends largely on the 
factors affecting combustion within the chamber itself. The rate of 
heat release, the aerodynamics of the chamber, ignition and fuel injection 
are some examples of these important factors. 
The function of the fuel injector, which is the main concern of 
the present work, is to deliver finely atomized and uniformly distributed 
fuel to the primary zone of the flame tube in order to enhance the rate 
of heat release and obtain fairly uniform outlet temperature traverse. 
Also, in order to satisfy the new legislation on pollutions control, 
special attention must be given to the quality of atomization. The 
most common method of producing a spray is to force the fuel under 
pressure through an orifiqe after imparting swirl to the emerging fuel 
j'Iet to increase the spray angle, However, due to the various problems 
associated with this type of atomizers, such as the need for a special 
pump to produce a very wide range of fuel flow, and the sensitivity of 
outlet temperature traverse to any change in fuel flow rate, the idea of 
using the available energy in the air to atomize the fuel, is very 
attractive. 
Airblast atomization is a simple, process in which the fuel is 
' introduced into the high velocity air stream in the form of discrete jets, 
or as a thin attenuated sheet of uniform thickness which is shattered into 
drops by the air at the atomizing edge. In some recent designs that 
fall into the first group the fuel jet is atomfted by means of two or 
three annular and concentric air flows impinging on the jet instead of 
using only one air stream coaxial with the fuel jet as in the case of 
Nukiyama and Tanasawals airblast atomizer (Ref. 74),, These new designs 
have given very fine and uniform sprays which again supports the 
effectiveness of the airblast atomizer as a proper means of fuel 
inJection. 
The fuel sheet can be formed in many ways, In Lefebvre and 
Miller's design (Ref. 61) the fuel was supplied from a number of tangential 
ports to a swirl chamber from which it spilled over a weir to form a 
thin sheet. In the N. G. T. E. airblast atomizers used in. Wigg's tests 
(Refs. 89 and 90) the liquid was fed along an inner annulusl passed 
through a double-start square thread into a swirl chamber then flowed 
outwards on the surface of the inner body as a thin sheet to meet the 
axial high velocity air stream at right angles to the axis. The spinning 
cups Is another way of producing liquid sheets by the action of 
centrifugal force which also helps the film to flow outwards at the cup 
rim to be atomized by the moving-fast air surrounding the cup. 
2 
In order to obtain good atomization quality it has been found 
desirable to subject both sides of 
' 
the liquid film to high velocity 
air streams in order to provide maximum physical contact between the 
air and the fuel, and several atomizers have been designed to ' 
meet 
these requirements. As an example, in Rizkalla-Lefebvre's atomizer 
(Refs. 78,79 and 80) the liquid flows through tangential ports into a 
weir from which it spreads over the prefilming surface. The inner air 
stream flows through the central circular duct over the liquid film and 
is then deflected radially outwards by a pintle before striking the 
inner surface of the film. The other air stream flows through an 
annular passage surrounding the main body of the atomizer to meet the 
outer surface of the liquid sheet. 
Objective of the Present Work 
Due to the importance of the liquid sheet as a factor affecting 
the quality of atomization it was decided to study the conditions that 
govern the formation of the sheet, and to what extent its thickness 
influences the mean drop size of the sprays produced by airblast 
atomizers. The mechanism of liquid sheet disintegration when subjected 
to high velocity air streams was also investigated thoroughly to find 
out the changes which might accompany the different stages of this 
mechanism under the various conditions of air and liquid properties. 
Since combustion systems in gas turbine engines experience a wide 
range of conditions it was also decided to study the effects Of air and 
liquid properties upon atomization quality. Finally, a general formula 
for mean drop size was derived which took into account all the forementioned 
factors over the ranges encountered in practical combustion chamberst to 
provide a general design basis for airblast atomizers. 
CHAPTER 2 
LITERATURE REVIEW 
3 
CHAPTER 2 
LITERATURE REVIEW 
Due to the increase of interest in using airblast atomizers 
for spraying fuel into the combustion chambers of gas turbine engines, 
much research has been done to reveal its porformance and the sort of 
factors which might be involved in the atomization process. As there 
is insufficient space here to mention all the informations included 
in the literature, only the most relevant work will be discussed. 
Nukiyama and Tanasawa (Ref. 74) 
These early investigations were conducted to show how the 
performance of the'mist-producing apparatus (Fig. 1) varied in relation 
to the relative velocity of air and liquid, the air density and the 
physical properties of the liquid. It was concluded that 
' 
the final 
diameters of the droplets was independent of the size of the water and 
air nozzles but was determined by the quantity-ratio and relative 
velocity of the air and water, If the weight of air used was raised 
to about five times that of the Nyater, it was found that the increase 
ceased to have any effect. 
The authors determined the droplet size by microscopically 
photographing droplets of high surface tension when sprayed into some 
kind of oil. Now in order to evaluate the efficiency of atomization it 
is necessary to. average out the droplets of various sizes in the spray 
in terms of droplets of normalized mean diameter d0 which could be 
defined in many different ways, They accepted the 
Lfinition 
that the 
summation of the areas and volumes should be equated as follows : 
d0 or d 32 = 
EnX 3/ En)? (1) 
where n is the number of droplets of diameter X. 
Nukiyama and Tanasawa used their experimental data on liquids of 
different surface tension, viscosity and density to obtain the following 
expression for the Sauter mean diameter, (d 32 
), in microns 
10,45 1 1.5 
S. M. D. = 585 
v OPT 
+ 597 1000 -1 (2) 
rIvT 1-p 1, Qa 
where V Is the relative velocity, in m/s, of air, and liquid, and Q and r 
Qa are the'volumes of liquid and air flowing. 
4 
The experimental ranges were : 
p, = liquid density, from 0.8 to 1.2 gr cm 
3 
liquid surface tension, from 30 to 73 dyne/cm 
TI 
1= 
liquid viscosity, from I to 30 centipoise. 
The equation is dimensionally incorrect, however it allows some important 
conclusions to be drawn. It shows that the effect of liquid viscosity 
is of little importance at large values of the ratio (Q a 
/Q 
I) and 
the 
droplet size is mainly governed by the relative velocity. At lower 
values of'(Q /Q ) the importance of the first term on the right hand 
a1 
side of equation (2) is reduced, and consequently the influence of the 
surface tension. The equation does not take into account the effects of 
air properties, hence its use is limited to the standard atmospheric 
conditions. 
Nukiyama and Tanasawa conducted some tests to find outwhether 
the range of droplet sizes followed some distribution law. and they also 
studied the ' stages 
of liquid jet disintegration, These aspects will be 
discus6ed later in the relevant chapters. 
2.2. Y= 
The effect of scale on fine sprays produced by large airblast 
atomizers was studied by Wigg (Refs. 89 and 90) using various N. G. T. E. 
systems as illustrated in Fig, 2, Three atomizers were made to the same 
design With values of D of 1.27,2.54 and 3.59cm. Carbon tetrachloride 
was added to gear oil until its specific gravity was unity and was used 
in the bottom of a small beaker to collect the sample. Wigg expressed 
the variation of mass median diameter 1.2 S. M. D. ) with water/air 
ratio by the relationship 
M. M. D. =4+ (58 + 55 D 
1.5 ) /' (W 
a 
/W 
I) 
(3) 
where D= diameter of the inner body. He found that atomizer scale 
affected the atomization only through its, influence on liquid and air 
flow rates. Ile also observed no appreciable effect of water pressure 
(between 20 and 60 psig), and atomizing air temperature (between 290 
0K 
to 3300K) on the quality of atomization. 
Wigg, in trying to formulate an empirical correlation, stated that 
when liquid is atomized energy is required to form new surface and to 
overcome viscous forces, lionce. considoring the loss of kinotic'energy 
and the recombination of wator droplets Ito sugfvnsted the following 
expression : 
-50.7 0,25 M. M. D. = 2300 T110 *Wlo +w 1/wa)o 
[1+2(W 
1 
/W 
aw1 
5 -5/Vrel' 00,1 
(4) 
5 
The correlation does not consider the effect of air or liquid density, 
liquid surface tension and atomizer characteristic dimension on M. M. D. 
In a further work, Wigg (Ref. 90) used the results from the three 
atomizers together with those from four other atomizers to derive the 
following dimensionally consistent formula : 
M. M. D. = 200' 
A 
0.5 
w10.1 (1 +WI /W 
a)0.5 
h 
0.1 
cy, 
0.2 
- 200 N 
(5) 
Pa 
0.3 v 
rel 
where h= height of air annulus at point of impact, cm. The coalescence 
of droplets was accommodated by term to the previous equation, as follows: 
M. M. D. = -200 N (i + 2.5 (W 1 
/W 
a) 
0.6 
w10.1 (6) 
which is now dimensionally incorrect. The range of variable covered 
was narrow. When the above equations are applied to find the droplet 
sizes for water and kerosine the predictions seem very close, which 
does not agree with experimental observations which always give lower 
values of mean droplet size for kerosine. However, Wigg's work is 
important for its contribution to a better understanding of the factors 
involved in the process of airblast atomization. 
2.3. Other Important Work on Airblast Atomization 
Radcliffe and Clare (Ref. 76)8 used two similar atomizers of 
different sizes (Fig. 3), along with Mothball fuel heated to a temperature 
such that its viscosity was either 10,20 or 40 centistokes. They studied 
the effect of'fuel pressure, air pressure, fuel viscosity and fuel gap 
on atomizer performance. It was stated that thd droplet size depended 
upon the AFR, and that the air pressure'and fuel gap only affected droplet 
size by altering the AFR. They found that for a given AFR, the droplet 
size was proportional to the square root of the orifice size. 
Lefebvre and Miller (Ref. 61) used four different types of airblast 
atomizer to study their effect on atomization quality. They concluded 
that minimum drop sizes could be achieved by applying high velocity air 
on both sides of the liquid sheet leaving the atomizing lip. They 
emphasized the importance of air velocity on fuel atomization and found 
that varying the AFR at constant air velocity had little effect. They 
explained the effect of AFR on droplet size by its influence on fuel sheet 
thickness: - a thicker sheet will tend to increase the thickness of the 
ligaments and hence the final drop size. 
Hrubacky (Ilof. 51) showed experimentally the importance of injecting 
the liquid parallel to the air flow to obtain the best degree of 
atomization. The values of air to fuel volume ratio used in his tests 
ranged from 1000 to 109000, which were very high. Air velocity varied 
from 106 to 316 m/s. Droplet diameters fell in the range from 2 to 
250 microns. 
6 
Gretzinger and Marshall Jr. (Ref. 45) investigated the effect 
of airblast atomization on droplet size using two types of atomizer, 
(a) a converging airblast nozzle which was similar to that used by 
Nukiyama and Tanasawa, and (b) an impingement type. They produced 
sprays of an aqueous solution of a black dye sampled in mineral oil 
and found that the smallest drops were formed on the side of the 
liquid sheet in intimate contact with the gas stream. Large drops 
were formed on the opposite side of the liquid sheet, thus emphasizing 
the need for exposing the liquid sheet on both sides to high velocity 
air to achieve maximum break-up. They suggested the following 
expressions 
Wl lla 
0.4 
M. M. D. 2600 L 
(7) 
aa 
for the converging airblast nozzle, and 
(WI)0.6 TI 
)t 
) 
0.15 
M. M. D. = 122 wVaL 
(8) 
aa 
for the, airblast impinging nozzle , 
where L= diameter of wetted periphery between the air and liquid 
streams. 
These correlations are limited to fluids whose physical properties 
are similar to those used in the tests and are invalid outside the 
range of M. M. D. from 5 to 30 microns. 
The problems of heavy. fuel atomization are discussed in Heath and 
Radcliffe's report (Ref. 48). It was not possible to vaporise a residual 
fuel, and their only alternative was to atomize it using an airblast 
atomizer, since swirl atomizers could not be e4ected to work well with 
fuels of more than 20 centistokes viscosity. They concluded that 
increasing fuel pressure, viscosityp fuel gap, in which fuel moved 
radially inwards to the atomizing section, led to higher mean diameter, 
but the mean diameter would reduce with higher air pressures. 
Godbole (Ref. 43) studied 
atomizer performance and found 
sprays reduced according to ap 
to 30 p. s. i. a. there was an inc 
pressure. Above 50 p. s. i. a. th 
increasing AFR on mean drop siz 
S. M. D.. 'Vn was (-1.05) where a 
the effect of ambient pressure on airblast 
that above 30 p. s. i. a. tho S. M. D. of 
ower law with an index = -0.6. From 15 
rease in S. M. D. with increase in ambient 
ere was no significant effect of 
e. The mean value of n in the power law 
Va is the air velocity. lie found that 
above AFR of 2,5 there was no significant change in S. M. D. with AFR, but 
very large changes occurred for Ar-11's below 1.5. 
I 
, 
Fraserp Eisenklam and Dombrowski (Ref. 39) recommended twin fluid 
atomizers for dealing with viscous fluids where the liquid is difficult 
to disintegrate. They stated that producing small drops at lower 
working pressures and velocities is possible by designing the nozzle so 
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that the liquid is spread into a thin sheet. 
Jenkins and Booker (Ref. 53) determined experimentally the time 
required for high speed airstreams to disintegrate water drops as : 
20 D /V 
0.72 
oa 
where t= disintegration time in seconds, s 
in feet and V is the air velocity in ft/s. 
a 
(9) 
D0= initial drop size 
Miesse (Ref. 71), discussing recent advances in spray technology, 
reported that any two of the three dimensional ratios, Reynolds number 
(R 
e 
), Weber number (W ) and Ohnesorge number (Z), are sufficient to 
provide correlations of the experimental data on atomization, where; 
R 0vt 
e TI 
2- 2 
w 
e 
w 
and ZR e4 
e (Pta) 
and t is the thickness of liquid stream. The mean diameter (D) of 
the spary is characterized by the Weber number as follows : 
f (R 
e 
w 1/3 
e 
(11) 
where f(R) is a function of Reynolds number which allows for the effects 
of viscosity. For flat and conical sprays f(R 
e) was 
found to be 
essentially constant. He also reported the inverse variation of average 
drop size with the square root of the Weber number. Miesse stated that 
when a droplet is subjected to a high velocity air stream it will be 
shattered if the kinetic energy of the air stream exceeds the surface 
energy of the droplet. Therefore the critical Weber number may be 
expressed as follows : 
w. =4.25 x 10 
4xR -0.4 (12) 
Weiss and Worsham (Ref. 88) found that the most important factor 
controlling the mean droplet size for an airblast liquid spray was the 
relative air velocity, while the physical properties of the liquid had 
less effect upon the fineness of the spray. The range of droplet 
diameters found in a spray depended on the range of excitable wavelengths 
on the surface of the liquid sheet, the short wavelength limit was due 
to viscous damping while the long wavelengths were limited due to 
inertia. Based on these argumentsthey concluded that : 
8 
S. M. D. cc v 
r 
a CT 
oc pa 
(X n 11 
(13) 
Their experimental results confirmed the dependence predicted for air 
velocity, but gave slightly different indices for the effects of liquid 
properties. 
2.4. Rizkalla - Lefebvre 
Recently, another important contribution to the study of 
airblast atomization has been made by Rizkalla and. Lefebvre (Refs. 19 
and 80). They investigated the performance of a specially-designed 
airblast atomizer which was more representative of current practice in 
gas turbine engines, (Fig. 4), In this design the liquid flows through 
six equispaced tangential ports before it is spread into a thin sheet on 
the prefilmer and then exposed on both sides to high velocity air in a 
manner calculated to provide maximum physical contact between the air 
and fuel streams. They devoted the first phase of the work (Ref. 79) to 
studying the influence of liquid physical properties on mean drop size. 
Measurements of drop size were made using the light scattering technique 
first suggested by Dobbins et al (Ref. 27)o 
The experimental conditions covered the following ranges : 
Liquid surface tension, 
Liquid absolute viscosityp 
Liquid density, ' * 
Atomizing air velocity, 
- 26 to 73 dyne. /cm 
1.3 to 124 centipoise 
0.8 to 1.8 gr/cm 
3 
- 60 to 125 m/s 
The optical apparatus used is described in Ref. 784and-shown-in-Fig-. 5. 
Experimental analysis led to the following empirical expression 
G10.5 P, 
0.75 
W10.85 W 
1' 
2 
S. M. D. = 521 (1 +- )+0.037 (1+ vW 1Pl F 
aaa 
(14) 
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This equation was based on results obtained at atmospheric air pressure 
which raised the question of the effect of higher ambient pressure on 
droplet size, tbus they undertook the second phase of their research 
programme (Refý13b) using the same atomizer. The two liquids used were 
kerosine and water and the tests were conducted at constant levels of 
air velocity and temperature over a range of ambient air pressure from 
105 to 106 N/m2. By plotting the data obtained as log (SMD) versus log 
(Air pressure) the slopes of the resulting straight lines gave mean 
value of 1. Unfortunately, no data wore obtained on the effect of high 
ambient pressure on droplet size for liquids of highor viscosities. 
Taking into account the effects of all the variables studied, they 
were able to derive the following dimensionally consistent formula: 
S. *M. D. A 
CýL P 3. 
t. )0.5 
v 
aPa 
w20.425 
(I +F)+B( 
a. Cl Pa 
t 
0.575 0 
Wl 
)2 
w 
a 
(15) 
where A and B are constants and t is the liquid film thickness at the 
prefilming lip. Because the liquid film thickness was not measured, 
the assumption was made that the liquid film thickness was proportional 
to the diameter of the prefilmer IDI. They then rewrote the equation 
in the form : 
S. M. D. = 0.33 
(alp, D) 
015 
(1 +w1 )+0.157 
2)0.425 
DO. 
575( 
I. 
w1)2 
vw 41T 
aPa a (YlPa a 
(16) 
This formula covers wide ranges of air velocity. and liquid properties 
and predicts S. M. D. Is within 5% of the experimental values. 
2.5. Lorenzetto - Lefebvre 
These workers carried out a comparison between "plain-jet" 
atomization, in which the fuel is injected into a high velocity airstream 
in the form of a discrete jet, and "film" atomization which is obtained 
by spreading the fuel into a sheet and then exposing both sides to the 
airstreams. 
Droplet sizes were again measured using the light scattering 
technique after a number of modifications to improve the accuracy of 
measurement. As a light source a5 mW - Helium/Neon Laser was used, 
which gave n higher intensity and more stable light beam. Dotails of 
this technique can be found in Rof. 67 and Appendix (C), 
In order to separate the APR effect from those of other parameters, 
ten air nozzles of different diameter were used, Each of them supplied 
a different air flow at constant air'velocity. It was found that atomizer 
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performance deteriorates when the AFR decreases to values smaller than 
3, while increasing the AFR improved the atomization quality up to a 
value of 7, above which no further effect of APR seemed to exist. 
It was concluded that in all the tests which were run with the 
6.85 mm air nozzle, and with all the plain-jet orifices available 
namely: 0.397,0.794,. 1.191 and 1.588 mm, diameters, the effect of scale 
for the atomizers tested with water and kerosine was very small. 
Different conclusions were drawn in the case of high viscosity liquids, 
which indicated that the larger is the atomizer liquid orifice diameter 
the larger are the droplet sizes, all other parameters being-constant. 
The effect of liquid density on droplet size in this work was' 
opposite to that observed by Rizkalla and Lefebvre. The droplet size 
decreased with increase in liquid density, but at high atomizing 
velocities and small liquid flow rates, SMD became less sensitive to 
variation of liquid density. From the results-they obtained experimentally, 
S. M. D. was expressed as : 
Gj 
oo32 
w10.135 
1 1.7 T110*72 
DO. 
53 
1 1.8 
S. M. D. = 0.27 .0- 
. 37 
(1 + AFR + 
0.06186 
(jjj Pý )0.5 
+ ýTR) 
P1 vr1 
(17) 
which is not dimensionally correct. 
In order to obtain a dimensionally correct formula dimensional 
analysis was applied to give in S. I. units, the following formula : 
( CY 1W1)0.33 1 )1.7 (- -D )0.5( + _. 
I_)1.8 
S. M. D. = 0.95 - (I +-+0.127 ril I 
v 
0.37 0.3 AFR alpi AFR 
r 
Pl Pa 
(18) 
where S. M. D. is expressed in meters. 
The ranges covered in these tests were : 
Liquid viscosity 
Liquid surface tension 
Liquid density 
Air velocity 
Air/Liquid mass ratio 
Ix 0-3 to 76 x 10-3 Kg/m. s 
- 26 x 10 
-3 to 73 x io7 
3 
N/m 
- 794 to 2180 Kg/m 
3 
- 70 to 180 M/S 
-I to 36 
In their discussion of this work it was stated that for real 
liquids of finite viscosiiyg the S. M. D. is given as the sum of the first 
and the second term of the above equation, which means that drop size 
cannot fall below a certain minimum value no matter how high the 
atomizing air velocity may be. This minimum size is equal to the second 
term, and this term is based on fuel properties only. 
11 
. The results indicate that the "plain-jet" airblast atomizer 
performs less satisfactorily than the "thin-sheet" airblast atomizer 
used by Rizkalla and Lefebvre. When S. M. D. values were plotted 
against Weber number both curves tended to converge at high Weber 
number i. e. for the high inertia forces obtained at high air velocities 
but, in general, the "thin-sheet" airblast atomizer gave smaller 
droplets. 
Wh6n the results were compared with Nukiyama and Tanasawals 
formula, (Ref. 74) they agreed very closely at lower droplet sizes while 
there was some deviation at higher S. M. D. values. This was attributed 
to the way the experiments were conducted in both cases. 
To find the fraction of energy applied 
creation of new liquid. surface, the energy c 
from E: = (Surface tension) x (Surface area) 
= cy, 
which is utilized in the 
required was calculated 
(19) (Ref. 42) 
while the total power available was calculated assuming adiabatic 
expansion through the air nozzle. After making some reasonable 
assumptions they showed how low is the atomization efficiency with this 
mechanism of atomization. 
CHAPTER 3 
INTERACTION BETWEEN THE HIGH VELOCITY AIR FLOW AND 711E 
MOVING THIN LIQUID FILM 
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CHAPTER 3 
INTERACTION BETWEEN THE HIGH VELOCITY AIR FLOW AND ME 
MOVING THIN LIQUID FIIM 
In spite of the very large amount of work which has been done 
in the field of two-phase gas-liquid flow, there are no completely 
satisfactory theoretical models which can help to reveal all the 
effects of the different variables involved although it is clearly a 
very important topic. This situation is a consequence of the extreme 
complexity of two-phase fluid flows where the interface between the 
phases can have a very complicated form. In the present work 
consideration is given to gas-liquid interaction due to its controlling 
effect on liquid film thickness and the mechanism of sheet disintegration. 
3.1. Momentum Balance of Gas-Liquid Interface 
The pressure gradient in the two-phase flow can be considered to 
consisi of three terms involving friction, acceleration and 
gravitational head respectively. Hewitt and Hall-Taylor (Ref. 49) made 
the following assumptions to simplify the problem: 
a. The liquid phase occupies an area (I - a)A of the 
channel and the gas phase occupies an area aA* 
b, 7be density is assumed constant and equal to the 
density of the respective phase, the velocity and. 
hence the mass. flux at any cross section is assumed 
constant-too, although the velocity. profile tends to 
be highly peaked, 
c. ' The shear stress on the channel wall (T 0) 
is constant 
irrespective of peripheral position. 1 
Using the above assumptions, the following equation for pressure gradient 
is given: 
-a=R To 
d[aGu+ (1-a) GýLul +g sin 0ap +(I-a) dZ A+ dZ 9919 
(20) 
where S is the periphery of the channel, and G, u and p are mass flux, 
velocity and density of fluid respectively. 0 is the angle of 
inclination of the channel from the horizontal. 
In the present work further simplifications can be added by 
ignoring the last term of the right hand side of equation (20), considering 
the channel to be in a near horizontal position. Also, the second term 
of the same side is small compared to the friction term, as in the m6dern 
designs of airblast atomizer the gas velocity is required to be constant 
s 
A To 
d[aG 
ug + (1-a) GýLul + dZ 9 
13 
near the atomization, lip at its maximum value. These assumptions 
show that the pressure gradient depends only on the friction term as 
follows : 
dP 
- U-z -2 
The shear stress distribution in the thin * 
liquid film is 
expressed by Calvert and Williams (See Ref . 49), using a 'If lat plate" 
approximation, and considering the flow in the vertical direction, as 
g+ 
M) (t - Y) (22) dZ 
where Ti is the interfacial shear stress, t is the film thickness, 
and y is the distance measured from the solid boundary in the liquid 
film. Hence, applying equation (22) to find the relation between the 
wall shear stress and the interfacial shear stress in the horizpntal 
flow gives : 
=T 
dP (23) 
i -Tz 
t 
which indicates that for a very thin liquid film the shear stress may 
be taken as a constant across the liquid film. The pressure drop can 
be determined either by using one of the known models, such as the 
homogeneous model and the Lockhaxt-Alartinelli model, or experimentally 
as described in Ref. (49), using the force balance method. 
In the homogeneous model it is assumed that the fluids behave as 
a homogeneous mixture of density p,, which is given by : 
x 0- X) 
PH P9 P, 
(24) 
where x is defined as the mass flow rate of the gas phase divided by 
the total mass flow rate of both phases. The pressure gradient is given 
by : 
2 
dP 
-S 
f 
TP 
G 
ý-Z A P11 
(25) 
where f 7? 
is the two-phase friction factor and is a function of 
Reynolds number, and in general it is difficult to calculate. 
The other model due to Lockhart-Martinelli (Ref. 65)p is more 
popular due to its simplicity, and depends on calculating the pressure 
gradients for the gas and liquid phases flowing alone in single-phase 
flow within the channel. They defined a new paramater X as 
X 
(dP/dZ)l 
(26) (dP/dZ)g 
I' '. 
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and then from chart they plotted a parameter ig 9 
or may be determined, 
where 
(dP/dZ) 
g or 1 (dP/dZ) g'or 
(27) 
L 
from which the total pressure gradient can be calculated. It is clear 
that this model could be used in the present work to determine the 
liquid film thickness in airblast atomizer when it is related, to the 
pressure gradient as will be discussed in a later chapter. 
Ellis and Gay (Ref. 34) stated that when a gas passes over a 
liquid stream it exerts a drag on the liquid surface and causes the liquid 
to flow. The drag will increase with gas flow until the surface becomes 
unstable and waves will form on the liquid surface. To measure the 
interfacial shearing stress in the case of parallel flow of two fluid 
streams analysis of the gas velocity profile must be carried out. They 
used the observations reported in the literature to confirm the validity 
of the equations for turbulent velocity profile for flow over a rough 
wall to be applied to flow over a rippled water. surface. Thus, the 
following equation applies : 
(u 
m- u)/u* = -3.33 
[ 
ln (I - (1 - y/r)') + (I - y/r)'] (28) 
where :u= point gas velocity, ft/s 
um= maximum gas velocity, ft/s 
r= distance of maximum in velocity profile from 
wall or liquid surface, ft 
y= distance from wall or liquid surface, ft 
U* = friction velodity (T 
0 
/P)II fý/s 
7o. = shear stress at a boundary, pdl/ft 
3 
p= gas density, lb/ft 
The appropriate values of um and r together with pairs of data for u 
and y can be substituted in the equation to calculate u (hence T 0 
Similar work has been done by Hanratty and Engen (Ref. 47) in 
which they described the liquid volumetric flow in terms of the liquid 
film thickness, pressure gradient and the drag of the gas at the 
surface, using Navier-Stokos equation for a two. dimensional flow and 
treating the liquid surface as rough *all. 
Kapitsa (Ref. 55) stated that, if an experiment is carried out 
in a tube with a liquid flowing over its internal walls, it is found 
that the pressure drop in the gas stream along the tube, for equal 
Velocities of gas flow is considerably higher than when the walls are 
dry. 
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3.2. Stability of the Interface for Gas-Liquid Flow 
The feature of gas-liquid flow is that the interface between 
the'two fluids is not smooth but has a wavy form which is observed to 
vary very widely in waveleng-th and in amplitude. Five interfacial 
conditions have been observed for a horizontal flow: (1) smooth 
interface, (2) two-dimensional waves, (3) three-dimensional waves, 
(4) roll waves, and (5) atomization, The condition of the surface 
depends mainly on the liquid flow rates. For very low gas rates, the 
liquid surface remains smooth, while the first disturbance on. 
increasing the gas rate is in the form of small ' ripples 
which quickly 
form two-dimensional waves. These waves were found to be more stable 
the more viscous the solution. An increase in the-air velocity past 
the critical air velocity brings about an increase in the amplitude, 
with slight decrease in wavelength. 
These changes continue until there is a transition to a 
three-dimensional 'pebbled' pattern which occurs at slightly higher gas 
velocity. These waves have equal wave leng-ths in the direction Of the 
flow and perpendicular to the direction of flow. At large enough gas 
flow rates, considering the law of conservation of mass, it can be 
shown that the crests of long waves move faster than the troughs. This 
causes the downstream end of the-wave to steepen and roll over upon itself. 
EventuAlly on further increasing the flow rate, the liquid is torn from 
the liquid surface and becomes dispersed in the gas phase. As the liquid 
film becomes thinner, or as the liquid-phase Reynolds number becomes 
smaller, it is much more difficult-to disperse the liquid phase. These 
patterns were observed experimentally in reports for van Rossum (Ref. 84)0 
Hanratty and Woodmansee (Ref. 46), and Hanratty and Engen (Ref. 47). 
Hewitt and Hall-Taylor (Ref. 49) in an effort to study the factors 
affecting the stability Of the'wave formed at the interface, stated that 
the gas flowing past the wavy-interface generates an increased pressure 
over the troughs of the waves, and a suction over the crests which 
protrude into the. gas flowt according to the following equation : 
ap 
C)2 3n 9x 
(u 
9- 
(29) 
whexe 
ap 
is the pressure gradient in the direction normal to the 3n 
streamlinet Xis the curvature of the streamline (reciprocal of radius 
of curvature), and (; - C) is the gas velocity relative to the wave. 9 
They derived the condition for neutrally stable waves, i. e. no increase 
in the amplitude, to be as follows 
2 
_Pa _ (u 91). Gt mean 
(30) 
where Kc is the wave number for stable waves and equal to (2n/X) and X 
is the wavelength. This suggests that the wavelengths of stable waves 
decreases rapidly with increasing gas flow ratio. In their review to 
the previous work in horizontal annular flow, they reported that the 
scale of the small ripples which cover the surface at low liquid flow 
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rates, varies with gas velocity. For liquid flow rates greater than 
some critical value disturbances of long wavelength occurred. 
It was 
found that the critical value of the dimensionless film thickness 
t+(=) was constant. for any fluid pair, and appeared to 
T1 1 
increase smoothly with the viscosity ratio n9/ I', , where u* is the 
friction velocity. 
3.3. Entrainment of Liquid Droplets in Gas Stream 
The sources of droplet entrainment in the gas-liquid flow are 
the large disturbance waves forming at the interface. The mechanism 
of droplet entrainment is not completely understood due to the lack 
of satisfactory experimental techniques, however, two possibilities 
are suggested in Ref. 49. The first mechanism suggests that the gas 
begins to undercut the wave, and a round, open-ended bubble begins to 
form and grows leaving a thick filament around its base, which finally, 
under the effect of the high velocity air, breaks into droplets. The 
other alternative form of break-up is that a large amplitude wave on 
the liquid layer tends to steepen at the front and then to form a 
breaking wave. If the air velocity is very high the wave tips tend to 
be drawn into thin liquid sheets with subsequent break-up. 
It was noticed that for thin liquid films at low liquid Reynolds 
numbers, the gas velocity for entrainment increases rapidly with 
decreasing liquid rate and a limiting liquid flow rate may be reached 
below which no entrainment occurs irrespective of further increases of 
gas rate. On the other hand, there is likely to be a critical gas 
velocity below which no entrainment occurs. These arguments suggest 
that in the case of an airblast atomizer there should be an initial 
atomization directly from the liquid film before it reaches the 
atomization lip. 
This condition depends mainly on both liquid and air flow ratest 
and also on the method of spreading the liquid into a sheet which is 
responsible, to some extent, for creating the wavy flow pattern$ and 
consequently for droplet entrainment from the liquid surface. The 
critical gas velocity for this entrainment decreases with increasing 
pressure and decreasing surface tension. van Rossum (Ref. 84) defined 
this velocity as the air velocity below which no droplet entrainment 
Occursj and reported that for each liquid this velocity is given by 
.V 
(m/s) = 
1- 
G (dyne/cm), whatever the film thickness. 
e4 
Calculation of the amount of liquid entrained in the gas flow 
may be done using graphs illustrated in Ref. 49 such as the Paleev and 
Fillippovich chart, which relates the percentage. of liquid flowing in 
tho film and the parameter Z 
2) 
r where is the P, a 9c 
homogeneous gas core density and is calculated by trial and error. 
The friction factor of the gas-liquid interface is affected by this 
amount of liquid entrained through its influence upon Reynolds number 
where the value of the gas flow rate is replaced by the sum of its value 
and the value of the entrained liquid. 
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The condition of the liquid-air interface certainly has a big 
effect on the mechanism of sheet disintegration in airblast atomizers 
as will be discussed later. 
CILAPTER 4 
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CHAPTER 4 
DESIGN OF AIRBLAST ATOMIZER AND EXPERMENTAL-RIGS 
The process of fuel atomization under the effect of high 
velocity air needs more investigation to determine the real influence 
of all the factors which are affecting the formation of the final 
droplet sizes contained in the spray. The main feature 9f the well- 
known airblast atomizer, which is investigated in, the'prosent work, is 
the spreadiiýg of the liquid into a thin film on the so-called prefilmer 
before it is atomized. It is clear that the formation of the liquid. 
film, and the variables which are controlling its thickness is of 
great importance to the mechanism of disintegration of this film. 
Thus it was decided to study these aspects in some detail in the 
proposed programme of tests. 
4.1. Airblast Atomizer 
Many considerations were involved in designing the two airblast 
atomizers 
* 
which were used in all tests. To enable the liquid film to 
be studied the conventional circular cross-section atomizer design was 
replaced by a two-dimensional one, so that the issuing film would be 
flat and consequently easier to measure, control and photograph, The 
air passages were made aerodynamically smooth, with minimum areas at 
the atomization edge to obtain maximum air velocities and maintain them 
during the initial disintegration process. The-two air streams which 
enclosed the liquid sheet were arranged to leave the atomizer in 
directions parallel to the sheet in order to achieve the best degree 
of atomization, as reported in the literature. The atomizer was also 
designed to deal with all the liquids being used in the testst and 
embodied a suitable method for introducing the liquid as a thin film. 
4.1.1. Atomizer (A) 
The design of this atomizer is illustrated in Fig. 14. The areas 
of the air passages at the atomization edge wore designed to be nearly 
equal to 'those of the atomizer employed in Rizkalla - Lefebvre tests 
(Refs. 79 and 80), It was decided to make the two. side plates of the 
atomizer from perspex to facilitate observation of the formation of the 
liquid film. The liquid was fed to the central piece'(pref-ilmer) 
through two side pipes to avoid any disturbance to the air, flows. 
, 
The 
liquid emerged into the. air stream through a plate of sintered metal 
screwed to, and flush with the prefilmer over its whole width, at a 
short distance from the atomization edge. rive grades of this sintered 
metal were tried, and the permeability varied from minimum value of 
1.8 x 10-6 for grade A to a maýcimum of 75 x 10-6 for grade E. 
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The permeability is defined as : 
V. l. - n 
981. A. P. t 
where: V= volume of fluid (in ccs) flowing in t sec 
P= pressure drop across filter in gr/cm 
2 
2 
A= effective area of iilter in cm 
n= absolute viscosity of fluid in centipoises 
1= thickness of filter in cm 
(31) 
It was difficult to use grade A due to problems of blockage and the 
other grades were chosen according to the kind of liquid used. In 
some cases the liquid did not spread evenly over the prefilmer and 
it was then essential to change the sintered piece. Two air control 
parts were fixed at the atomization section to give the two air streams 
the required directions and maximum velocities. The upper one, which 
was used to control the air flowing over the liquid film (pintle air), 
had an inclined hole of a diameter sufficiently large to allow a 
micrometer rod to move and reach the liquid film at right angles, to 
the prefilmer surface as shown in Fig. i4. This micrometer was used to 
measure film thickness in some tests. 
It was also possible to slide both the air control parts inside 
the atomizer to be at the. same cross section with the prefilmer edge for 
photographic purposes. 
4.1.2. Atomizer (B) 
The main difference in the design of thi 
's 
atomizer and the 
previous one is the method of injecting the liquid. In order to study 
the influence of liquid sheet thickness on mean drop size it was essential 
to be able to control its initial value by some mechanical means* As 
shown in Fig. 15, the liquid was injected through a variable-width gapt 
which could be adjusted by a screw having a special thread to control 
the sheet thickness quite accurately, This design required the prefilmer 
to be made in two parts to form the exit slot, The gap width'between 
these parts was easily read froma dial indicator, which was divided 
into 0.0001 in (about 2.5 microns) increments, and touched the upper 
part of the prefilmer as near as possible to the atomizing edge. The 
gap was frequently checked using accurate feeler gauges. The two air 
control pieces were identical and were designed'to impart an air stream 
direction nearly parallel to the issuing film. The two perspex side 
walls used with design (A) were replaced by metal onost but the method 
of feeding the liquid through the side ivalls into the central piece 
(profilmer) was kept the same. The width of the atomizer was made 
shorter (5 cm) to control the gap width more accurately, The atomizer 
is shown in Plate 1. 
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Atomizer (A) was designed primarily to study the droplet 
distributions of the sprays and also the mechanism of disintegration 
of liquid sheets, using the photographic technique. The second atomizer, 
(B), was intended to establish the relationship between the liquid film 
thickness and Sauter mean diameter of the sprays, taking into consideration 
all other factors, although it was also used in some tests to study the 
disintegration of the liquid sheets. The high pressure tests were 
conducted using atomizer (B), in addition to another much larger airblast 
atomizer of conventional design as will be discussed later. 
4.2. AtmoSpheric Test Rig 
4.2.1. Air System 
As the air flow rates required in these tests were relatively loý 
a small rotary fan was adequate to supply flow rates up to 20 x 10 N/m 
(-3 psig). The air flow was divided into two separate paths leading 
to the atomizer. Special air ducts were used to connect the air supply 
pipes to the rectangular cross-section channels of the atomizers with 
minimum possible disturbance to the flows, The two air streams were 
regulated using isolation valves, and also by bleeding off air at the, 
outlet bf the fan. Mass flow rates were measured using orifice plates 
fitted with D and D/2 pressure tappingsp according to B. S. 1042. The air 
temperature was measured also by means of 
' 
thermocouples, with the 
reference junction at OOC, while the air velocity of both streams were 
measured on a rake of four pitot tubes to determine the average value, 
4,2.2. jdquid System- 
The method of supplying the liquid to the atomizers varied 
according to the liquid being used. Water was delivered directly from 
the test house water supply, although in some instances a water pump was 
needed to give the required flow rate. Kerosine was fed to the system 
from a nitrogen pressurized drumt while all the special liquids were fed 
by the. same method from a smaller container. Liquid flow rates were 
measured on Fisher and Porter flow-meters, which were calibrated for 
all liquids. The sprays were discharged into a long duct and the liquid 
was collected in a container outside the test house. The atmospheric 
test rig is shown in Plates 2 and 3, 
4.3. Righ Pressure Test Rig 
High pressure air from th compressor house, which was able to 
deliver air up to 1720 x 103 N/m 
2 
(250 psig) and 3,18 Kg/s (7 lb/s), was 
fed into a large cylindrical chamber which housed the atomizer. The air 
mass flow rate was measured using an orifice plate made to B. S. 1042 
standards. The air and liquid issuing from the atomizer flowed into a 
cylindrical collector provided with a butterfly valve to control its 
pressure and another valve to drain the accumulated liquid. A pressure 
tapping was fitted to the collector to adjust the pressure drop across 
the atomizer. Two toughened plate glass windows wore mounted at the 
outer ends oftwo short horizontal pipes, which were connected to the 
collector as shown in Fig. 16. 
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To avoid the expected problem of liquid deposition on the 
windows, a circular plate having a small central hole was fitted 
close to each window, and the intervening space was supplied with 
high pressure air from a separate source. The ensuing flow of air 
through each small hole successfully avoided the penetration of liquid 
drops onto the window. 
Special liquid pumps were employed to deal with the large quantity 
of water and kerosine required for the big airblast atomizer of the 
conventional design, while for atomizer (B) the pressurized liquid drum 
was again used. The high pressure test rig is shown schematically in 
Fig. 16. 
4.4. Special Liquids 
In order to study the effects of'physical properties of liquids 
on atomization quality, it is essential to separate the influence of 
the property under investigation from the influences of the other 
properties. From a large number of trial solutions, Rizkalla and Lefebvre 
(Refs. 79 and 80) chose appropriate liquid solutions to obtain the wide 
variations of each physical property while keeping the others nearly 
constant. For measuring experimentally the main liquid properties namely 
viscostty, surface tension and density, Rizkalla(Ref. 78) has summarized 
the methods used in each case. The liquids and solutions used in the 
present investigation are presented in Tables 1,2 and 3, and cover the 
following ranges : 
Viscosity 0.998 x 10-3 to 123.921 x 10-3 kg/m. s 
Surface tension - 26.77 x 10 
-3 to 73.45 x 10 -3 N/m 
Density - 0.784 x 10 
3 
to 1.830 x 10 
3 
kg/m 
3 
4.5. Air/L quid Flow Characteristics of Atomiiers 
The'mean values of mass flow rate for shroud air and pintle air 
are given in Fig. 17 together with the total atomizing air flow at equal 
velocities for both air streams, for atomizer (A), Also Fig. 18 shows a 
chart of air to liquid mass ratios plotted against air velocity for 
different liquid flow rates, for the same atomizer. 
For atomizer (B), the air flow rates of both air streams at 
constant air velocities# and the total atomizing air are given in Fig*199 
while air/liquid ratios for various air velocities and liquid flow 
rates are given in Fig. 20. 
The ranges covered with the two atomizers are : 
Air velocity 54 to 122 m/s 
Liquid flow rate, 4,5 to 27,2 gr/s 
. Air/liquid ratio 0.8 to 11,3 
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CILAPTER 5 
MECHANISM OF DISINTEGRATION OF LIQUID SHEETS 
The stability of the liquid film flowing over the prefilmer under 
the effect of high velocity air, and the possibility of having early 
atomization directly from the film surface upstream of the atomizing 
edge were discussed in Chapter 3. In this chapter, the complete 
mechanism of disintegration of a-liquid sheet will be discussed, from 
the moment it leaves the prefilmer until a uniform spray is formed. A 
review of the different mechanisms presented in the literature will be 
given first, then the technique used in the present work, and finally 
the discussion and conclusions which may be drawn from the results 
obtained in this group of tests. 
5.1. Rdview 
York, Stubbs and Tek (Ref. 93) described the force balance between 
the interiacial tension forces and aerodynamic forces as the basic 
concept for liquid film instability and wave formation, which are 
considered the major factors in the break up of the film. The velocity 
difference between the air stream and liquid film moving along a 
continuous interface speeds up the growth of waves until eventually 
the liquid film may disintegrate and be swept away in the air flow. It 
was stated that the forces arising from interfacial tension oppose any 
movement of the interface from the plane and attempt to reinstate the 
original equilibrium, while the aerodynamic forces increase any 
deviation of the interface from the plane and attempt to make the 
equilibrium unstable. 
Photographic techniques were used by Fraser, Dombrowski and 
(Ref. 37) to explain the mechanism of disintegration of a liquid 
sheet. They found that the sheet breaks down irito drops through the 
formation of unstable ligaments of a diameter depending mainly upon 
the sheet thickness, and the wavelength of the waves initiated on the 
liquid surface. It was stated that, using Rayleigh's analysisj the 
collapse of a ligament of an inviscid liquid produces drops of diameter 
= 1.89 x diameter of the ligament. From this discussion it can be seen 
that the film thickness has a maj-or effect on ligament diameter, which 
in turn controls the drop size. This highlights the importance of 
producing thin liquid sheets to improve the quality of atomization. 
Fraser, Eisenklam and Dombrowski (Ref. 39) found that in airblast 
atomizers thin threads are torn off the slower-moving liquid by the 
effect of the surrounding high velocity air stream. With a non-viscous 
liquid threads are formed which have their greatest instability when 
the length is 4.5 x diameter, 
Castleman, jr (Ref. 14) came to the same conclusion that ligament 
formation is a necessary step between the large mass of liquid and the 
discrete droplets. He found that with increase in air speed the 
ligaments appear both finer and shorter, while at air speeds above 
100 M/s the ligaments have largely vanished and the small drops appear 
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to be torn directly from the main mass. From some simple calculations, 
taking into account the amplitude of surface disturbance of a ligamept, 
Castleman found the upper limit to the collapse time to be 1.5 x 10 sec, 
which appears to be brief enough to account for the phenomena 
' 
of 
disappearance of the ligaments from photographs taken at high air 
speeds. When alcohol was used instead of water, due to its lower 
surface tension, the ligaments were formed more readily and atomized at 
a much lower air velocity; To describe why the drop size ceases to 
decrease any more at high air velocities, Castleman reported that at 
certain point the ligaments collapse practically as soon as they are 
formed. It is interesting to note that his curves of droplet size 
against air velocity flattened at about 100 to 120 m/s, as found in many 
reports. 
Dombrowski and Fraser in another study on the disintegration of 
liquid sheets (Ref. 29) designed a special flash for their photographic 
investigations to combine a high intensity of light with very short 
duration. A large variety of liquids was chosen to study the separate 
effect of each liquid property. It is noticed from the p ctures 
-3 provided, that with an increase of viscosity from Ix 10 to 5.3 x 10 
Kg1m. s, the position of disintegration has moved much farther away from 
the atomizer, and the sheet area before disintegration is much larger. 
The effect of liquid density on sheet disintegration was reported-to be 
insignificant. The combined effect of increase in density and surface 
tension at a constant viscosity as with mercury, for example, gives a 
sheet that is highly resistance to turbulence by air friction. The 
liquid sheet with the highest viscosity and surface tension is the most 
resistance to disruption as shown in their pictures. 
5.2. Photpgraphic Technique 
Many techniques were tried during the present work. It was felt 
that, to get a very clear idea about what was occurring at the 
atomization edge, it was necessary to concentrate on a small area of the 
liquid leaving the edge, and to use a transmitted light to form a shadow 
of the spray. After trying many types of flash, of duration time 
varying from 2 to 5 microseconds, it was found that they were not fast 
enough to stop the motion of the spray, especially at high air velocities. 
To avoid this drawback and also for safety reasons, a flash unitl which 
worked by means of an Argon bottle (Lunartron made), was used to give 
very fast sparks of 0.2 microsecond, The big advantage of this unit was 
that, it had an ordinary lamp for adjusting purposes, which enabled the 
operator to line up the apparatust and also to choose the required area 
precisely. The flash from, the unit was collimated by a convex lens, 
then reflected upwards by a mirror to pass through the spray as a 
circular beam. Finally, the light beam was focussed by the camera lens 
on an Ilford film. The camera was placed about 10 cm above the level 
of the atomizing edge which covered half of the circular light beamt 
hence only the other half, which showed the spray at the moment it left 
the odges was photographed. The photographic technique is illustrated 
in Plato 4., 
Some photographs were taken for the whole spray using direct 
incident light. These helped to give a good general idea about the spray# 
but they did not show any details of sheet disintegration. 
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5.3. Factors Influencing Sheet Disintegration 
5.3.1. Effect of Air Velocity 
The most important conclusion which may be drawn, from all the 
photographs obtained is that the formation'of ligaments is an 
essential stage in the disintegration mechanism between the continuous 
liquid film and the separate droplets at all levels of air velocity. 
To study the effect of air velocity on the mechanism for constant 
liquid flow rate, the velocity was increased from 54.9 to 122 m/s, at 
22.7 gr/s water flow-rate. The two conditions are shown in Figs. 77 and 
78 respectively, and it is obvious that the ligaments have very thick 
stems and are much longer at low air velocity, before they disintegrate 
into big drops, while at high air velocity the threads formed at the edge 
are thinner and shorter and disintegrate into smaller drops. In general, 
at higher air velocity the whole mechanism of atomization occurs nearer 
to the atomizing edge. 
Figs. 79,80 and 81 show that, when the air'velocitY takes the 
values of 54.9,91.5 and 122 m/s at a constant water flow rate of 9 gr/s 
the number of threads drawn from the film increases with velocity 
increase, and again they are thinner and shorter at a higher velocity. 
It can be seen also that some of the ligaments do not disintegrate 
directiy to drops but into smaller parts which flow further downstream 
where they are shattered into drops (Figs, 77,78,79 and 80). 
Figs. 82 and 83 confirm the above remarks at two air velocity levelso 
The same mechanism is apparent in the case of kerosine, as shown 
in Figs. 84 and 85, where the velocity increases from 54.5 to 122 m/s at 
4.5 gr/s flow rate. It is also clear that the threads are shorter and 
thinner than for water due to the lower surface tension of kerosine. 
5.3.2, Effect of Liquid Flow Rate 
The formation of the ligaments at higher liquid flow rate does 
not start at the atomizing edge but at some short distance downstreamo 
and they are obviously thicker. Figs. 79,82 and 77 show the above for 
water flow rates of 9,13.6 and 22.7 gr/s respectiv'oly, and at a 
constant air velocity of 54.9 m/s. 
The same comments apply to kerosine as shown in Figs. 85 and 86 
where-the flow rates are 4.5 and 13.6 gr/s respectively. It is clear 
that the thicker ligaments break into bigger drops which then need a 
longer distance to disintegrate further into smaller drops'. When final 
disintegration occurs it does so at a relatively low air velocity. 
5.3.3. Effect of Surface Tension 
It is well known that liquids of high surface tension are more 
difficult to disintegrate by aerodynamic forces, and the resulting 
threads should therefore be thick and long compared to those obtained 
with low surface tension liqui q s. Figs. 87 an q 88, for two different 
liquid solutions of 51.9 x 10 and 26.8 x 10- N/m surface tension, 
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show that the threads look sharp and of nearly uniform diameters for 
low surface tension, while at high surface tension most Of the threads 
have thick stems and thin ends, similar to the picture obtained with 
water. 
In- 5 ome other tests the surface tension was kept constant at 
26.8 x 10 N/m, while the liquid flow rates varied from 4.5,7.5 to 
12.5 gr/s. The results obtained are shown in Figs. 89,88 and 90 
respectively. At the lowest flow rate, the liquid threads are very 
thin and tend-to take curved shapes, whereas at high liquid flow rate 
the threads form a complex pattern of thicker ligaments. Parts of 
these threads separate and flow downstream where they are eventually 
atomized to drops as is shown clearly in Fig. 90. 
5.3.4. Effect of Liquid Densily 
The mechanism of liquid sheet disintegration should be affected 
to some extent by a change in liquid density. For liquids of high. 
density one would expect more resistance to disintegration with a 
resulting effect on the shape of the ligaments formed at the atomizing 
edge. Two levels 3 of 
densities wSre emgloyed in these experiments 
namely 1.213 x 10 and 1.83 x 10 Kg/m , and the air velocity was 
kept 
constant at 91.5 m/s. 
For the minimum liquid flow rate of 4.5 gr/s, Figs, 91 and 92 
illustrate respectively the effects of low and high density. In Fig. 91 
the threads appear to form directly from the liquid sheet, and they are 
thin and of uniform diameter. With the higher density liquid the film 
does not directly produce threads, but they are drawn from liquid patches 
formed from the sheet at the atomizing edge as shown in Fig*92. 
At a higher liquid flow rate of 6.8 gr/s the ligaments. become 
thicker, and each ligament soon breaks into many thin threads giving a 
tree-like form, but still the stems of these trees are thicker at high 
liquid density, as shown in Figs. 93 and 94. At the maximum flow rate 
of 12.5 gr/s, by direct c' omparison between rigs. 95 and 96 one can 
conclude that the whole disintegration mechanism is completed within a 
shorter distance from the edge for a low density liquid, while some of 
the thick ligaments of high density liquids tend to join each other to 
form another atomizing lip which soon break into a shower of shorter 
threads and drops under the influence of high air velocity. 
5.3.5. Effect of Liquid Viscosity 
The shear force needed to disintegrate a liquid shoot is certainly 
higher for high viscosity liquids according to the relation between both 
factors, therefore it is expected to find very long thredds and 
separated parts of the film leaving the atomizing edge as a first stage 
in the disintegration mechanism, and the droplets will take their final 
form at a relatively far distance from the edge. 
Two levels of viscosity of 2.87 x 10-3 and 17 x 10-3 Kg/m. s were 
examined in the tests-conducted on atomizer, (A) for a constant air 
velocity of 91.5 m/s, Starting with the liquid of lower viscosity, it 
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is shown in Fig. 97 that at a low liquid flow rate of 4.5 gr/s, the 
liquid f ilm breaks under the action of air velocity into many relatively 
long threads. When the flow rate increases to 6.8 gr/s the liquid 
starts to leave the prefilmer in big patches which break in the usual 
way into thick ligaments and finally to thin threads. These 
disintegrate further into various drop sizes as shown in Fig. 98. 
The mechanism of disintegration of high viscosity liquids may be 
studied in the light of pigs. 99 to 102. The effect of high viscosity 
dominates over the small change in liquid flow rate from 4.5 gr1s in the 
first two figures, to 6.8 grA in the other two, since the mechanism in 
general looks similar in all four figures. As predicted before, there 
is no doubt that the threads are'very long, and in some parts they are 
at least five times longer than the ones formed with low viscosity 
liquids. In all figures the big patches are evident and some of them 
are in the stage of separation from the liquid film as shown particularly 
in Fig. 100. Some others still keep their bulky shape for a distance 
downstream of the edge before breaking into smaller patches and thick 
ligaments. At the top of Figs. 100 and 101 it can be seen that the 
ligaments managed to keep attached to the liquid film for a long 
distance before being torn out. 
Considering the scale of these figures (10.5 magnification)* it 
is easy to measure the diameter of some drops which have travelled the 
whole distance from the atomizer to the edge of the picture. Most of 
these drops have diameters above 400 microns. Fig. 103 shows the 
disintegration process of a liquid film produced by atomizer (B) at 
an air velocity of 91.5 m/s, 
_ 
low liquid flow rate of 3 gr/s and a 
very high viscosity (44 x 10 Kg/m. s), It is apparent that the film 
break into very few and long threads of nearly straight shape. The 
photograph also shows some liquid patches protruding from the atomizing 
edge and ready to form other threads. This picture gives a clear idea.. 
of the mean drop size and the uniformity of the spray produced under 
these conditions. 
5.3.6. Effect of Liquid Pilm Thickness 
Atomizer (B) was used to conduct a set of tests at two thickness 
levels of 0.0178 and 0.0356 cm and at a constant air velocity and water, 
flow rate of 91,5 m/s and 16.4'gr/s respectively. Figs. 104 and 105 show 
the two cases, and in general it can be concluded that the thicker film 
breaks into ligaments and patches of bulky and non-uniform shapes, while 
for the thinner film, individual ligaments of relatively thin diameter 
are drawn from the film# as shown on the right side of Fig. 104. Both 
levels of film thickness employed here are higher than the thickness 
expected for atomizer (A) running at tho*samo conditions of air velocity 
and liquid flow rate. 
From the figures studied in this section and the previous figures 
included in this chapter it is seen that the mechanism of film 
disintegration is similar in both atomizers from the viewpoint of forming 
ligaments as an essential stage in the conversion of a liquid film into 
separate drops in spite of the differences in the manner in which the 
film is produced in the two atomizers. 
CHAPTER 6 
DROPLET SIZE DISTRIBUTION IN SPRAYS 
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CHAPtER 6 
DROPLET SIZE DISTRIBUTION IN SPRAYS 
6.1. Introduction 
One of the most impo 
' 
rtant properties of liquid sprays. is the 
frequency of occurrence of the various sizes of droplets, or the size 
distribution in the spray. The interest in the drop size distributions 
of sprays from gas turbine fuel atomizer has increased recently, and 
that stems from the need to control exhaust emissions, which depend to 
a great extent upon the quality of atomization. In general, the 
existence of very small droplets in a spray helps to start the 
combustion process in combustion chambers, while the big drops do not 
burn completely and increase the level of pollutant emissions, although 
they play a significant part in widening the flame stability limits due 
to the creation of regions of rich mixture. 
In studying the evaporation rates of spraysl the mean droplet 
size cannot adequately give enough information and the whole distribution 
of drop sizes must be-taken into account. Dickinson and Marshall Jr. 
(Ref, 26) concluded that sprays with less uniform drop size distributions 
evaporate more rapidly in the initial interval of time than more uniform 
sprays with the same mean diameter because of the presence of many 
smaller drops. However they take much longer time for complete 
evaporation because of the very large drops they contain, Also it was 
reported that the size distribution of drops changes during evaporation 
in such a way that the average diameter of the remaining drops increases 
in the moderately or highly non-uniform sprayst and decrease in the more 
uniform sprays. This is again due to the existence of more smaller 
drops in the former cage. 
In this chapter, the drop size distribution under different 
conditions and the factors affecting it will be discussed. 
6.2. Methods of Expressing Size Distributions 
There are two forms of plotting drop distributions according to 
the different applications. One of them is the cumulative formp in 
which the distribution is 
' expressed 
as the fraction by weight or volume 
of the total drops having a diameter larger than a given diameter. This 
gives a curve falling from I to 0 as the drop size increases from minimum 
to maximum. The second is the differential form and expresses the 
relative frequency of drops of any given size, hence the minimum 
frequency occurs at both minimum and maximum drop sizes, while the peak 
frequency coincides with the most probable drop diameter, The first 
form gives an idea about the percentage of mass or Volume of spray 
left above a certain drop diameter, while the second form gives a 
general picture of the spray as a whole. 
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6.3. Mathematical Distribution E2uations 
It is of great help to derive either theoretically or 
experimentally a certain formula which can represent the actual 
distribution of sizes in a spray. Many expressio 
* 
ns have been derived 
and some of them proved to follow the real curves closely. Such 
expressions can be used to calculate the mean drop size, which 
obviously will be different from the one calculatod directly from 
the data since these expressions can never give the exact shape of 
the actual distribution. However, it is quite reasonable to accept 
the values calculated from the equations, because it is known that, 
the sample used to plot the actual curve can differ from one moment 
to another, and a few large drops in any given sample may shift the 
mean size to a much higher value, while they may not exist at all in 
another sample. 
J- 
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This is a completely empirical equation and appears in the 
following form : 
dn = 0.5 nb3 Xý exp (-bX) dX (32) 
where, n= total number of droplets 
X= mean diameter of a number of droplets Idn' of 
diameters lying in the interval (X - AX/2) and 
(X + AX/2), and 
b= size parameter 
The quantity b varies mainly with the density and surface tension of 
the liquid, the density of the air and the relative velocity between 
air and liquid. The equation in this form does not give information 
about the spread of drop sizest and in many cases gives values of 
S. M. D. larger than any experimentally observed drop diameterp as 
observed by Mugele and Evans (Ref. 7ý),, 
'O'C) - 
6.3.2-. Rosin-Rammler Equation 
This equation was derived ftrst for the investigation of size 
distribution in powdered coal (Refld)l but it could be applied with 
success to liquid drops. This distribution function is generally given 
in the 'cumulative volume' form : 
I-v= exp - (X/R) 
q 
where, I-v volume fraction of drop material occurring in 
drops of diameter greater than X 
size parameter, and 
q distribution parameter. 
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From Equation (ý3), the 'volume distribution' equation is 
dv = qX' q exp - (X/R) J34ý wx- Rq 
A high value of q implies a more uniform spray, or in other words 
means a small fractional variation of drop size on either side of the 
mean is sufficient to embrace a large fraction of the total sample. 
The Sauter mean diameter is given by 
q 
S. M. D. xro (35)/ 
q 
where tables of gamma function can be used. 
Although this. equation assumes an infinite'range of X values, 
it has the advantage of simplicity, and as described by Rosin and Rammler'l 
it permits the curves to be extrapolated into the range of finest 
droplets where measurements are difficult and take a very long time. 
Upper Limit Distribution Function 
This is a modified form of the log-probability equation w, hich is 
based on the normal distribution function. The volume distribution 
equation is given by : 
61 
gy 22 
y dy 
where y=I 1=ý 
aX 
and as y goes from - 00 to + 00 ,X goes 
from 
ýx-X. I m 
X0 (minimum size in distribution) to Xm (maximum drop size), and is 
related to the standard deviation of y, and hence of X. "all is a 
dimensionless constant. The Sauter mean diameter is given by 
S. M. D. Xm0+a. exp (1/46 
2 (37) 
It follows that a reduction in implies a more uniform distribution.. 
This equation -assumes more realistic spray of maximum and minimum drop 
sizes, but it involves difficult integration, which necessitates the 
use of log-probability paper. The value of X" must be assumed, and 
usually it takes many trials to find the most 
m 
suitable value (Ref. 76. 
6.4. MenAurement nnd Counting of Dro2 Sizos 
The photographic technique used in studying the mechanism of 
sheet disintegration was employed again here to measure drop sizes. 
Direct pictures were taken of the sprays, using a very fast flash of 
0.2 Ps duration time, and by projecting the slides onto a screen divided 
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into 9 sections the drops appeared magnified 65 times, which allows 
accurate measurement of each drop. The drops that were in focus 
appeared very clearly., while the others were less clear. At high air. 
velocity conditions the drop images tended to have elongated shape in 
the direction of flow; therefore the measurements were taken 
perpendicular to the flow direction. Between 1200 and 1500 drops were 
measured and counted in each sample, then the drops were arranged in 
groups according to their different diameters.. Figure 21 shows an 
example of plotting the results as a stop diagram to give drop size 
distribution. 
The Sauter mean diameter of the spray can be found directly 
from the results, and an example of the calculation is given in 
Appendix (A). 
This technique has many advantagest 
the flow by any means, and also it takes a 
required photograph of the spray (Plate 4), 
6.5. Discussion of Results 
such as it does'not disturb 
very short time to get the 
6.5.1.. Effects of Air Velocity and Liquid Flow Rate 
Figures 22,23 and 24 show the two different methods of plotting 
the distribution, which are mentioned in section 6.2. The first figure 
represents the number fraction against drop diameter, while the second 
one shows instead the volume fraction against drop diameter, and it is 
clear that the curves are skewed to the right in the second case 
because each group is now weighted in proportion to X3. The beneficial 
effect of increasing air velocity from 54.86 to 91,44, then to 121.92" M/S 
at a constant water flow rate, is very obvious. Not only does the mean 
diameter decrease but the spray becomes more uniform* The distribution 
parameter (q)j which gives an indication of the uniformityl increases 
from 3,35 to 3.6. The number of large drops existing in the spray falls 
down rapidly with increase of air velocity. As an example of the value 
of plotting volume fraction of spray occurring above a certain diameter 
against that diameter, as in Fig. 24, it can be seen that for an air 
velocity of 54,86 m/s, 10 percent of the spray volume occurs in drops 
of diameter greater than 172 microns* At an air velocity of 121,02 m/S 
the same percentage occurs above 93 microns, which helps to show the 
effect of air velocity* 
Figures 25 and 26 confirm the influence of air velocity on drop 
distribution for kerosine, and also show that the distributions are 
shifted to lowervalues of drop diameter. 
The effect of liquid flow rate on drop distribution is shown in 
Fig. 27. There is a relatively small improvement in the uniformity of 
the spray when the liquid flow rate falls from 22.7 to 9 gr1s at an 
air velocity of 121.92 m/s. The corresponding values of distribution 
parameter (q) are 3.565 and 3.74 respectively. Moro large drops 
appear at higher liquid flow rates as shown in the figure. 
1 
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6.5.2. Effect of Liquid Properties 
I. viscosity 
In general, high viscosity liquids tend to give a less uniform 
spray. In Fig. 28, two digtributions are_Blotted corresponding to 
viscosities of 17.1 x 10- and 2.87 x 10 Kg/m. s. The improvement in 
uniformity due to reduction in viscosity is clear in both Fig. 28 and 29-, 
which appears also in the values of (q) which increases from 2.826 to 
3,23. This result agrees with the fact that viscosity forces tend to 
impair atomization quality. 
Surface Tension 
Figure 30 gives a good idea of the effect of surface tension 
on drop size 3 
distributions The liquid of low surface tension 
(26.77 x 10 N/m) gives size distribution which are considered quite 
uniform. The values of (q) for both distributions are higher than 
the case of water sprays, and that is expected because of the higher 
surface tension of water. 
3. Density 
The influence of liquid density on drop size distribution is 3 
not significant as shown in Fig. 31. Changing the density from 1.213xIO 
'to 1.83xIO3 Kg/m3, at constant air velocity and liquid flow rates seems 
to give similar distributions in the whole range of drop sizes, Howevert 
there is small shift towards lower drop sizes in the case of lower 
density, which suggests a lower mean drop diameter. 
6.6. Evaluation of the MathematicalExpressions 
It is of great interest to apply the proposed mathematical 
equations to the results obtained in the present workp. to see how close 
they are to the actual distributions. It is also important to know the 
relative merits of each expression when applied to different situations. 
Rosin-Rammler and the upper limit distribution function (ULDF) will be 
considered here. Appendix (A) shows a complete example of the 
calculations involved. 
To plot these mathematical expressions, it is necessary to 
calculate the constants for the equations. Figure 32 illustrates how 
the constants are obtained for the Rosin-Rammler equation. By 
plotting log (I) against X on log-log paper, the distribution I-V 
parameter (q), which appeared in the previous section as the critoria 
of spray uniformity, can be foUnd from the slope of the straight line, 
and Xj which is the size parameter is the value of X for which I-v --e 
where I-v is the volume fraction of the spray occurring in drops 
greater than X. 
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To obtain the constants of the upper limit distribution 
function, the cumulative-volume fraction 100 v is plotted against 
X/(X 
m- 
X) on probability-log paper, after assuming a value for the 
maximum drop size'X m 
to give the best straight line. The parameter 
which is related to the standard deviation of the drop size, is found 
from the slope of the line, as shown in Fig. 33. 
For water, Figs. 34 and 35 show that both expressions give 
quite good 
' 
agreement with the actual distributions. While the upper 
limit equation follows very closely the experimental curve in Fig. 34, 
Rosin-Rammler gives better agreement in rig. 35. 
It is very obvious from the examples given in Figs. 36,37 and 
38, which were chosen from the results on the effect of liquid properties$ 
that the Rosin-Rammler equation gives curves which agree closely with 
the experimental data, ýwhile the ULDF curves are quite acceptable'in 
regard to their general shape. Another conclusion that can be drawn 
from this comparison is that the distribution calculated from the upper 
limit equation always have a lower maximum frequency of occurrence 
(apex of the distribution) than the Rosin-Ijammler distributionsp and it 
occurs at slightly smaller drop size. 
In some figures the values of S. M. D. calculated from the two 
mathematical expressions are -compared with the corresponding S. M. D. 
values as measured, by the photographic and optical techniques. It is 
interesting to see that the two expressions give values very close to 
the S. M. D. measured optically, which means these equations predict the 
values of Sauter mean diameter accurately. The photographic method 
always give higher values for S. M. D., and this can be attributed to the 
fact that, most of the small droplets are too difficult to see and, 
measure, hence the mean droplet- size shifts to a higher value. 
6.7. Com2arison Between Present Results and Simmons' Correlation 
The process of measuring and counting the individual drops in a 
sample to obtain the drop size distribution is a very tedious and time 
consuming job, and usually there are many errors involved in the 
sampling technique and counting method. Thus, it was very helpful stop 
on Simmons' part (Ref. 85), to obtain a correlation from which the drop 
size distribution can be found knowing only the mass median diameter or 
the Sauter mean diameter. A vast amount of data was obtained for 
sprays produced by both airblast and pressure atomizers, under various 
conditions. He plotted the drop size/cumulative volume distribution for 
the atomizers in "root/normal" way, using a square root scale for drop 
diameter, and a probability scale for the cumulative volume loss than a 
stated value of drop diameter, in order to linearize the data* When 
the results were normalized in terms of mass median diameter, Simmons 
found that, a straight line through the mass median point exhibited a 
good fit to the data, with a possible error of not more than 5% and a 
standard deviation of 0.238. 
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There are two important uses of the drop sizo/volumo fraction 
correlation. The whole distribution of a given spray can -be found 
directly from the correlation, knowing the value of S. M. D., which can 
be measured optically, for example. The other use is to estimate the 
volume fraction greater or less than a particular drop size, and that 
is important for ignition. For example, if to case Ignition 5% of the 
fuel spray volume is required in the form of drops less than 50 microns 
diameter, then from the charts provided in his report, or from the main 
correlation, it is found that the S. M. D. of the spray should not exceed 
110 microns. 
To compare the present results with Simmons' correlation all 
the experimental points were plotted together with his straight line. 
As shown in Fig. 39 . the line which f its the data best is slightly 
different with a standard deviation of 0.2. The predicted distributionst 
as found from Simmons' correlation, were plotted for two different 
S. M. D. 1s, 81 and 45.5 microns, with the actual distributions, as a 
different way bf comparison, and again the actual lines slightly depart 
from the predicted ones as shown in Fig. 40. 
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CHAPTER 7 
LI9, UID FILM 'MICKNESS 
Since the liquid films involved in airblast atomization are 
very thin and inaccessible due to the complications in the design, 
accurate measurement of their thickness is not an easy job. In this 
chapter, a brief review of the possible methods, and the techniques 
used in the experiments will be given. It would be clearly of great 
help if an expression for the film thickness could be derived, which 
took into consideration all the factors that might affect the 
thickness. 
7.1. Experimental Methods for Thickness Measurement 
The details of the different methods are given in'Appendix (B), 
and some of these methods which have been described in the literature 
will be mentioned here. 
If two metallic plates are placed on opposite sides of a duct 
in which air and liquid streams are flowing separately, the capacitance 
between the two plates depends oA the dielectric constants of air and 
liquid, and also on the thickness of each phase. This technique 
involves the problem of measuring the capacitance precisely. 
van Rossum (Ref. 84) used rectangular electrodes, which were 
made f lush with the surf ace over which the f ilm was f lowing* Ile 
measured the electrical resistance of the liquid film between the two 
electrodes, which could be rel ' 
ated directly to the liquid film thickness 
above the electrodes. The method has the advantage of giving information 
about the instantaneous variation of film thickness with time. 
Charvonia (Ref*15) measured film thickness by means of a 
photometric technique which was based upon Lambert's law. The light 
transmitted by a layer of light-absorbing medium is related to the 
thickness of that layer (t), in terms of the intensity of the light 
beam and the absorption coefficientp which can be increased by adding 
dye to the liquid. The method suffers from the drawback that the light 
can be scattered And refracted away from the detector, 
An optical interference method has been used for the measurement 
of extremely thin liquid films. The method consists of photographing 
and measuring the interference f ringes produced in the f ilm by a broad 
monochromatic light source. The method requires the free film surface 
and the solid wall to be specular reflectors. 
Polarized light when reflected from a glean metallic surface is 
elliptically polarized, but the presence of a thin transparent film on 
the surface will causo a change in this ellipticity to an. extent depending 
upon the film thickness. Hence it can be measured, 
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A laser anemometer can be used to measure the velocity of the 
liquid stream by adding some particlesp which tend to scatter the 
laser beam. The scattered light is detected by some sort of 
photomultiplier, and from the liquid flow rate and geometry of the 
duct the film thickness may be calculated. 
7.2. Method of Measurement Used in the Present Experiments 
The simplest method of measuring the film thickness in the 
present situation of a two-dimensional atomizer, was to use a needle 
contact device. A special type micrometer of large b arrel was part of 
a D. C. electric circuit, which consisted of a number of transistors. 
The amplified current from the transistors was used to lighi a lamp 
when the circuit was closed by the first contact between the needle and 
the liquid surface. This micrometer was able to measure liquid 
thickness of the order of 2.5 microns (-0.0001 in), The point of 
contact was also observed optically by means of light reflected on the 
liquid surface and magnified by a lens the other side. Atomizer (A), 
which had perspex side walls, was used in these tests, and a number of 
readings were taken- at each condition to obtain the average thickness 
accurately. For kerosinev which was not electrically conductive$ the 
point qf contact was observed optically. 
T, 3, Results 
The effect of air velocity on water film thickness is shown in 
Fig. 41. It is seen that, as the air velocity increases the consequent 
result is a reduction in the film thickness, and this is expected since 
the shear stress exerted by'the air on the liquid surface will be 
greater. Obviously, raising the liquid flow rate gives much thicker 
films as shown in the figure. 
The results for kerosine show similar trends regarding the effects 
of air velocity and liquid flow rate on the film thicknesst as shown in 
Fig. 42. The -only difference which can be noticed between both figures 
is that kerosine always gives thicker liquid films under the same 
conditions than waterg and this is 3 attributed to the higher viscosity Of the kerosine, which is 1.293 x 10 Kg/m. s compared to 0.998 x 10-3 Kg/M. s 
for water. 
For high viscosity liquids the flow through the sintered metal 
of atomizer (A) gave ndn-uniform films, therefore the effect of the 
viscosity will be discussed in the next section. 
7.4. Derivation of Film Thicknoss Expressions 
Lockhart-Martinelli 
Ii 
In. Chapter 30 Lockhart-Martinelli's model, mentioned in Ref. (49), 
was referred to as an oxnmplo of monsuring tho pressure, drop in (filet 
containing two f luids f lowing separately. The model will be adopted 
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here to find the liquid film thickness on the prefilmer at the part 
where air velocity is a maximum, after making some reasonable 
assumptions. 
The equivalent diameter of the pintle air passage must be 
calculated and used in the model, which is based on the annular 
cross-section ducts; this diameter will be assumed here as follows 
(38) 
where A= cross-sectional area of pintle air duct at point of 
maximum velocity, and measured perpendicular to air 
flow direction 
1= prefilmer perimeter 
The Reynolds ntunber of each fluid, assuming it is flowing 
alone in the equivalent pipe and occupying the whole area, is f ound 
from : 
Wd 
e (39) 
Ae TI 
where A= area based on d 
The friction factor (f) is calculated using the standard 
formulae for pipes from : 
f=0.079/R 
0.25 
(for turbulent flow) 
e( 40) 
or f= 16/R 
e 
(for laminar flow) 
Thus, -the pressure drop for each fluid can be found from the 
usual Fanning: equation : 
CIP 4f (Ipvl) (41) 
dZ 
) 
log de 
where V= velocity based on equivalent diameter. The parameter X, 
which. is given by equation 1 (26), is directly determined 
(X = ((dP/dZ) 1/ 
(dP/dZ) 
9)), 
From Lockhart-Martinelli's chart, 
given by equation (27), could be found Od = ((dP/dZ) 
L/ 
(dP/dZ)I). 
1 Total 1 
Armand, Turner and Wallis, as stated in Ref. 49, found 
experimentally that : 
J6 12 
'a(, 
I (I - 02) (42) 
where I-a= percentage of pipe area occupied by liquid flow. 
according to the condition of each flow, the parameter dl j which is 4 
t 
ýý' 1 All 
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The value of the proportionality constant was proved to be 
unity, therefore*from the value of 0- cx) the film thickness may be 
calculated. 
. The graphs of liquid film thickness plotted against the 
liquid properties cover the following ranges : 
viscosity Ix 10-3 to 124 x 10-3 Kg/m. s 
Density 0.812 x 10 
3 
to 2.18 x 10 
3 
Kg/m 
3 
Figures 43 and 44 show the effect of air flow rate on film 
thickness at different liquid flow rates for water and kerosine 
respectively. They exhibit the same trend, as found experimentally, 
and show a reduction of film thickness with incroase of air flow. The 
experimental curves show slightly higher values of film thickness at 
low air flow rate and high liquid flow rate, and lower values at high 
air flow rate and high liquid flow rate than the values predicted from 
the model. 
The effect of liquid viscosity on film thickness is illustrated 
in Fig. 45 for a constant air flow rate, and various liquid flow rates. 
The values of thickness rise rapidly as the viscosity increases, which 
could explain the presence of the very long ligaments which are 
associated with the atomization of high viscosity liquids as described 
earlier. It is clearly a very difficult task for the air to atomize 
such a thick film properly, and the final drop sizes are inevitably 
large. 0 
Figure 46 shows the effect of liquid density on film thickness. 
As density increases the film becomes thinner, but at high density 
levels the reduction in film thickness becomes less significant* 
7.4.2. Calculation of Film Thickness From the Shear Stress Equation 
It is important to evaluate the ability of the above method to 
predict the liquid film thickness accurately, therefore a simple 
treatment will be employed here to derive an expressiong which can be 
used to give a clear idea about the'factors affecting the thickness, and 
also to calculate it'if required. 
The shear stress in the thin liquid film will be assumed constant 
and equal to the wall shear stress# therefore 
T=n- 
LI 
=n 
2u 
(43) 
11t1t 
where V1= interfacial liquid velocity 
t= liquid film thickness 
ii 
mean velocity of liquid film. 
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Equation (43) may be written in the following form 
2W2W 
x (44) = q, 1 2 Ti txpxA, tx Plx nd 4 1ý 
where d= equivalent diameter of pipe e 
A= cross-section area of. liquid film 
The interfacial friction factor is given by : 
2 
(45) 
99 
where u= gas velocity based on equivalent pipe area. 9 
Substituting T from Equation (44) into Equation (45) gives: i. 
f2 
Ti w1 
(46) 
(jp u2) Ot 
2d 
99e 
Pl 
To find the film thickness, it is essential to determine the 
value of the friction factor either experimentally or from some 
empirical expressions. As. stated in Ref. 49, the friction factor can 
be'expressed for annular flow by : 
ff (I + 300 (t/d (47) 
where f9 friction factor of gas flowing in the absence of 
the liquid film in a smooth tube and equal to 
0.079/(R 
eg 
0.25 in the case of turbulont flow 
(Blasius equation), 
From Equations (46) and (47)9 an expression for the film 
thickness can be written as :9 
0.079 
2 
. 25 
+ 300 (t/d 
4 
p, du2 9 
(46) 
The value of film thickness (t) may be found by iteration, 
This was tried successfully in the present work, and the values 
calculated from this equation reasonably agreed with the previous 
method, although it always gave lower values. This result helps to 
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prove the validity of both methods in their application to liquid 
films in airblast atomizers. If there is any swirl in the liquid 
motion due to the method of injection the overriding effect of the 
shear stress exerted by the air flow on the liquid film will tend to 
cause the film to flow in a near axial direction. Thus, the liquid 
velocity (u 1) could 
be considered as the axial component of film 
velocity. 
Equation (48) shows clearly the effect of liquid properties 
on film thickness, and also it emphasizes the influence of liquid flow 
rate and air velocity. It seems that liquid surface tension does not 
affect the thickness of the film nor the interfacial friction factor. 
However# it has a significant effect on the entrainment of droplets 
from the liquid surface into the air stream. The reduction of surface 
tension will decrease the critical air velocity for entrainment and 
also increase the quantity of the entrained liquid. 
7.4.3. The Proposed Expression for Film Thickness 
Any proposed expression should take into account all the 
factors which may affect the film thickness, and could be written in 
the form 
(w,, ', T, 
ý, 0 Pi f ua ' Pa ,de) 
(49) 
The exponents of these variables were determined from'the 
available graphs of the dif f erent f actors , and the f ollowing 
expression is suggested after calculating the constant of the equation: 
t=0.01075 
Til 
0.35 
w10.55 
(50) 
d00.55 
(ua0.9 
(p 
a 
Pl) 
0.45 
.I 
where t and d in cm 
e 
W1 in gr/s 
u in M/S 
p in gr/cm 
3 
T11 in centipoise 
The ranges covered by this equation are as follows : 
Liquid viscosity I to 124 centipoise 
Liquid density 0.812 to 2,18 gr/cm 
3 
Air velocity 54 to 122 m/s 
Liquid flow rate 4.5 to 27.2 gr/s 
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In strict S. I. units Equation (50) becomes : 
2.15 
td0.55 
e 
Ti 
1 
0.35 
0.9 
u 
a 
w 
0.55 1 
0.45 
(51) 
where -t is expressed in metres. 
Equation (51) could be of value in the design of airblast 
atomizers in predicting the thickness of. the liquid sheet flowing over 
the profilmert especially as the thickness of the liquid film at the 
atomizing edge affects to a great extent, the disintegration of that, 
sheet, and also the final drop sizes. This equation also helps in 
making comparisons between the expressions which predict the Sauter 
mean diameter and the equation derived in the present work, as will be 
discussed in the following chapters'. 
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CILAPTER 8 
RESULTS OF DROPLET SIZES 
8.1. Drop Size Measurement 
The performance of any atomizer is usually expressed in terms 
of' the mean drop size it produces under various operating conditions. 
Different definitions of mean drop size are used in the field of fuel 
atomizations however, the Sauter mean diameter is generally considered 
the most suitable one, because it is most relevant to. the rates of 
evaporation and. combustion. 
The Sauter mean diameter of a spray may be measured either by 
one of the methods which employ drop collectionj e. g. coated slides 
and the liquid nitrogen technique, or by photographic or optical methods* 
The main drawback of the first group is the need to introduce some sort 
of collecting device into the spray. The photographic technique was 
used successfully in this work to find the drop distribution and 
Sauter mean diameter of many sprays, but it is not the best method if 
a large number of readings is required. However optical techniques 
can fullfil these requirements and eliminate the forementioned drawbacks* 
8.2. The Scattering of Light 
The optical properties of a medium are characterized by its 
refractive index and, as long as this is uniform, light will pass through 
the medium updeflected. Whenever there are discrete variations in the 
refractive index due to the presence of particles, part of the ' 
radiation will be scattered in all directions, while the other part is 
transmitted unperturbed. In droplet ' 
size analysis the number of drops 
under observation should be large enough to ensure that a reprosentatiV6 
sample is obtained automatically. The cumulative effect is obtained 
by adding the intensity scattered by each drop as if it were present 
alone. 
Dobbins et al (Ref. /27) studied 
the forward scattering of a 
parallel beam of monochromatic light passing through a spray and found 
that for sprays described by the-upper limit distribution fuftctiong as 
defined before, having characteristic parameters of spread and skewness 
within 
' 
specified limits, the scattered light intensity profiles wore 
coincident and the S. M. D. could be obtained from the distance traversed 
by the beam to have 1/10th of the intensity at the optical axis* The 
1/10th intensity is chosen to find the S. M. D. because it givesA e 
least deviation, as described by Roberts and Webb (Refs. - and-B'ý) who 
also widenýd the spread and skewness in the ULDF making it possible to 
apply the method to sprays produced by airblast atomizors. t Tho-moan 
, /-\t4eoretical- -illumination 
profiles are --6. -_given 
in Fig, 
H 
'H 
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8.3,22tical Apparatus (Fig. 7) 
In order to obtain a highly collimated monochromatic beam of 
light a5 mW - Helium/Neon Laser (by Spectra Physics) working at 
6328 X wavelength was used. The laser beam is spatially filtered 
and collimated by an optical assembly (Fig. 8) screwed to the laser 
head. The spatial filter employs an aperture placed at the focus of 
an expanding lens to pass only the fundamental laser mode. The 
optical unit connected to the filter unit is a beam expanding telescope 
to produce a highly collimated beam. The light beam is then chopped by 
a rotating perforated disc to reduce the stray light and increase the 
sensitivity of the system. 
The parallel beam is diffracted through the spray under 
investigation and focussed by a 60 cm focal length receiver onto a 
gg_microns aperture. Eventually the light travels the distance to the 
photomultiplier. cathode through the eyepiece mounting and the shutter 
assembly shielding the photomultiplier tube (Fig. 10), The 44 mm. 4 
diameter cathode provides very high quantum efficiency in the red 
(Fig. 11), and the end window is internally corrugated to enhance the 
red sensitivity due to multiple reflection of the incident light* An 
interchangeable neutral density filter is located in front of the 
photo-tube, and a constant 750 V voltage supply to the photomultiplier 
is maintained to keep the mean anode current under 10 pA for highest 
stability. 
The electrical signal from the photomultiplier is passed into 
the Synchronous Demodulator (Fig. 9 and Plate 5) to reach an X -. Y 
plotter, where it is amplified by a logarithmic amplifier module. The 
X-axis displacement of the plotter is electrically connected to a 
linear displacement transducer which is mechanically linked to the 
photomultiplier trolley (Plate 6). The combination of the X-Y 
displacements allow the light intensity profile to be plotted, hence the 
-maximum intensity can be found by extrapolating the curve towards the 
centre line to eliminate the unscattered beam profile. The traverse 
distance 'Ir" at 1/10th of the maximum intensity is determined, then 
from the cur e shown in Fig. 12, which has been calculated for conditions 
of X= 6828 
ý 
and fc= 60 cm (focal length of condensing lens) from the 
curve of Fig. 6, the SMD of the spray tested is obtained* 
In practice all readouts were monitored with a D. V. M. and an 
Oscilloscope to observe the scattered'light intensity* Typical plots 
of light intensity profile are shown in Fig. 13, 
All tests were carried out at a light beam position 14 cm from 
the atomizer face, and some readings were taken at 24 cm and 30 cm 
distance also to check whether the measured S. M. D. values would be 
different at these distances. It was found that variation in S. M. D. 
was negligible over this range. 
8.4, Ex . ]2erimental Programme 
The atomization process is governed by many variables, and the 
mean drop size of a spray is determined by the combined effect of these 
variables, therefore it is essential to study the effect of each 
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parameter separately. The design of atomizer(B 
' 
), which was used in these 
tests, enabled one parameter, namely film thickness to be fixed during 
each set of tests. As mentioned previously, the value of the thickness 
could be adjusted accurately by controlling the. liquid gap. The effects 
of relative air velocity. and air/liquid ratio on mean drop size were 
examined in the first part of the tests, at each sheet thickness, 
mainly for water and kerosine, hence the effect of film thickness could 
be determined directly. 
The second phase of tests was confined to the separate effects 
of liquid viscosity, surface tension and density using the special 
liquids described in Tables 1,2 and 3. These tests were repeated to 
obtain sufficient information on the influence of the liquid properties 
on the S. M. D. at different liquid thicknesses. 
Additionally a special series of tests was carried out to 
determine the effect of air pressure on mean droplet size for both low 
and high viscosity liquids. 
The main purpose of conducting these tests was to establish an 
expression for S. M. D. as a function of all the variables mentioned above, 
which could be of practical importance. 
8.5. Effect of Atomizing Air Velocity 
The resulting drop size is determined from the balance between 
the external force represented by the momentum of the air stream, which 
is a function of air velocity, and the internal forces due to the 
surface tension and viscosity of the liquid drops, Thus one would 
expect to have smaller drops at higher levels of air velocity. Also, it 
was noted in the previous chapter that the liquid ligaments f ormed at 
the atomizing edge are thinner and shorter at higher air velocities. 
Also they disintegrate further to smaller drops near the atomizing edge 
where the air velocity is still high, and this obviously leads to, 
better atomization. 
Figure 47 shows the drop in S. M. D. with increase of air velocity 
for various water flow rates and a film thickness of 0.0089 cm, *hile 
Fig. 48 gives the same result but at different ALR's. it is clear that 
the largest drop size is obtained when the air velocity is minimum 
and liquid-flow rate is maximum. 
For kerosine, Figs. 53 and 54 show the same 
; 
rend but with lower 
values, of S. M. D. at all conditions. In all these tests the velocities 
of both air stream were kept equal. 
8.6. Air/Liquid Ratio Effect 
When the liquid flow rate increases at a constant air flow rate 
'the drop size is expected to be large due to insufficient energy being 
available in the air to atomize the thicker liquid ligaments formed from 
the shoot edge, 
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Figures 49 and 55 show the effect of A. L. R. on mean drop size 
for water and kerosine respectively. When the values of A. L. R. falls 
below about 3.5 the S. M. D. starts to increase, 'and at values of A. L. R. 
less than two the atomization quality deteriorates rapidly. The 
beneficial effect of high A. L. R. diminishes very quickly when its value 
exceeds about 5.5, and above this value it is clear, from the figures, 
that the curves of the Sauter mean diameter against A. L. R. become 
nearly flat, which means no more improvement in atomization quality can 
be gained from further increase in air flow rate. 
For high viscosity liquids, when S. M. D. is plotted against 
(I +W1 /W 
a 
), it can be observed in Fig. 61, which is. reproduced from 
Fig. 59, that as the value of A. L. R. increases the quality of atomization 
is improved. 
8.7. The Influence of Liquid-Film Thickness 
A' thick film is more difficult to atomize than a thin film due 
to the fact that, for any given quantity of liquid the area of the 
liquid sheet which is exposed to the air stream should be as large as 
possible. With thick films the air stream is able to atomize the layers 
near the surface of the sheet to produce fine drops, but its effect on 
the inner layers is less depending on how thick is the sheet, and the 
mean droplet size of the resulting spray is therefore large. 
The liquid film thickness was varied from 0.0089 cm to 0.0385 cm 
for waterv and'from, 0.0089 cm to 0.0435 cm for kerosine. The range of 
air velocity was from 54.9 to 122 m/s. Figures 50,51 and 52 show how 
the SAI. D. of water sprays increases with increase in liquid film 
thickness for various air velocities, liquid flow rates, and air/liquid 
ratios respectively. Figures 56,57 and 58 show the corresponding results 
for kerosine. 
The effect of film thickness on S. M. D. for high viscosity liquids 
is shown in Fig. 60, and it is again clear that thicker films results in 
larger mean drop sizes. The film thicknesses used are fairly high (from 
0.0254 to 0.1016 cm) to simulate the conditions of high viscosity liquids. 
For liquids of different surface tension the influence of film 
thickness is similar and always the mean droplet size is larger for 
thicker films (Fig. 63), and the same conclusion can be drawn for liquids 
of different densities, as shown in Fig. 65. 
8,8, Effect of Liguid Properties 
8.8.1. Viscosity 
It was observed in a previous chapter that high viscosity liquidst 
when atomized by the effect of air flow, give very long ligaments as a 
first step in the disintegration mechanism, and that is because the 
viscous forces tend to suppress the formation of the surface waves, which 
are responsible for the atomization, and also resist the-further 
disintegration of the ligaments to drops and then to droplets. This last 
ýt 
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stage of the disintegration process oqcurs at a region of relatively 
low air velocity, hence one expects high viscosity liquids to produce 
relatively large drops. 
-3 10-3 , Viscosity was varied from 1.29 x 10 to 76,5 x Kg/m. sp 
and in the first group of tests the liquid flow rate and film thickness 
were kept constant at 4.5 gr/s and 0.0508 cm respectively. 
It was found that S. M. D. increased rapidly with increase in 
absolute viscosity for various air velocities. It is worth mentioning 
here again the beneficial effect of increasing the air velocity on the 
resulting mean drop size, as shown in Fig. 59. When the air velocity was 
kept constant at 91.5 m/s, and the film thickness varied from 0.0254 to 
0.1016 cm, S. M. D. increased with increase in absolute viscosity and/or 
the increase in film thickness as shown in Fig. 60. 
8.8.2. Surface Tension 
The surface tension 
resistance against the shat 
ligaments drawn from a film 
thicker and longer and tend 
edge. Both effects lead to 
tension. 
of a liquid tends to give the drops more 
tering effect of air streams. Also, the 
of high surface tension liquid are usually 
to have wider bases at the atomization 
higher values of S. M. D. at high surface 
The variation of S. M. D. with surface tension is given in both 
Figs. 62 and 63 for various air velocities and various film thicknesses 
respectively, at constant liquid flow rate of 9,1 gr/s. In these 
experimentg the range of surface tension was from 26.8 x 10-3 to 
73.5 x 10- N/m. Increase in S. M. D. with increase in surface tension 
is observed in both'figurese 
8.8.3. Density 
In discussing the effect of liquid density on the disintegration 
of liquid films in a previous chapter, it was observed that for low 
density liquids the threads were rather thin and seemed to form directly 
from the film. At higher liquid densities the formation of threads was 
delayed, and the liquid film continued to travel from many parts of the 
atomizing edge for some distance downstream before breaking into threads 
And subsequently into drops. Atomization thus occurred at relatively 
low air velocity leading to higher values of S. M. D. 
Týe range of liquid density studied was f 
1.83 x 10 Kg/m3 which was rather narrow. Figure 
increaso in S. M. D. with increase in density for v 
It is clear that the rate of increase of S. M. D. i 
and only very slight increase occurs at densities 
especially at the higher air velocities. 
3 
om 0.933 x0 to 
64 shows the observed 
rious air velocities. 
gonerally quite small 
above 1.6 x 103 Kg/m3p 
The same comments apply to Figure 65, in which the air velocity 
is kept constant, while film thickness is varied. 
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8.9. Effect of Air Pressure 
The first set of tests was carried out using a large 
conventional airblast atomizer to study the effect of high pressure air 
on the mean drop size of the spray. 
62 The air pressure was raised up to 1.0133 x 10 NIM (10 standard 
atmospheres), and the liquids used were water and kerosine. The 
beneficial 'effect of air pressure upon the quality of atomization 
(i. e. upon S. M. D. ) is shown in Fig. 66. Three values of liquid flow 
rate were chosen at each air pressure level to obtain three constant 
values for A. L. R. over the whole range of air pressures. 
In all readings the pressure drop across the atomizer was 
maintained at 3.5 percent of the upstream pressure in order to maintain 
a constant air velocity. 
Atomizer (B) was also used in the high pressure rig to conduct 
both the second and the third group of tests, due to its capability of 
producing liquid sheets of known thickness. Figure 67 shows the results'. 
of high pressure tests on water, and it is clear that S. M. D. decreases 
rapidly when the air pressure is increased from atmospheric to about 
7.5 x 105 N/m2 at constant air velocity and temperature, 7be air/liquid 
ratio Varied from 2 to 5 which is the important range for mean drop 
size as noted before (Figs. 49 and 55), 
The objectivd of the third set of tests was to determine the 
effect of air pressure on liquids of_high viscosity, henco two levels 
of viscosity of 6x 10-3 and 17 x 10 3 Kglm. s were 5 chosen for these 2. experiments while the pressure changed from Ix 10 to 5.5 x 105 N/m . 
For constant-air velocity the mean drop size decreased with 
increase in air pressuret as given in Table 4, which confirms previous 
conclusions of the beneficial effect of increase in ambient pressure on 
atomization quality which can be attributed to the larger aerodynamic 
forces acting on the liquid sheet at higher values of air density. 
CHAPTER 9 
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/ 
The effects of the variables involved in the process of' 
fuel atomization were carefully studied in the foregoing chapters, 
and all the experimental results were presented in figures, in such 
a way as to give a clear picture of the separate influence of each 
variable. It is of great importance to arrange these variables into 
an expression which takes into consideration their relative effects, 
to enable the Sauter mean diameter of a given spray to be predicted 
at any specified condition. Also, it is essential for the proposed 
equation to be valid over a wide range of air and liquid properties 
so that it may be applied to many different types of airblast atomizer. 
The experimental results showed that liquid viscosity has a 
separate effect from air velocity and-density, which both have a 
dominant effect on the S. M. D. of sprays of low viscosity liquids, 
which suggests an equation for S. M. D. consisting of two terms. For 
low viscosity liquids, the term which is dominated by viscosity will 
be negligibly small, and the value of S. M. D. will depend mainly on 
the other term, while both terms will determine the S. M. D. for high 
viscosity liquids. 
The -surface tension and density of liquids should be included 
in the equation due to their effects on the mean drop size, increase 
in either property will result in a larger S. M. D. It. has been shown 
before that, thinner liquid sheets should give finer sprayso and this 
result was observed for both low and high viscosity liquids. The last 
parameter which must appear in the equation is the air to liquid ratio, 
which proved to have a beneficial effect upon the quality of 
atomization. 
9.1. Dimensional Analysis 
From all the results obtained from the experiments, and 
considering the relative importance of each factor the following 
expression was derived : 
a' 
9.6 0,25 W 0.85 
1 P, (t)0.4 +I 2 
S. M. D. = 19.95 - -- 7-) + 0.85 
PA Vra 
16.9 -D 
2 )0,45 
(t)0,55 (I + 
! 1) 
Cy 1 Pi Wa 
where CY liquid surface-tension dyne/cm 13 
P, liquid density gr/cm 
TI liquid viscosity centipoise 
V atomizing air velocity M/S 
air density gr/cm 
3 
Pa, 
(52) 
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liquid film thickness cm 
W1= liquid flow rate gr/s 
Wa= air flow rate gr1s 
S. M. D*'= Sauter mean diameter microns 
The equation is dimensionally correct, and when S. I. units 
are used equation (52) becomes 
0. ý6 0.25 0.85 
01 Pl 
(t)0.4' 
W, 
S. M. D, 0.50 0.85 '. 1.2 + -). + 
v 
iv 
Pa r 
1 P1 
Tj 12 
. 45 
0 55 
0.107 _-MI+ -'l (53) W 
a 
where-S. M. D. is in metres and all units are in N, Kg, m, and s. 
9.2. 
. 
Comparison Between Experimental Results and Derived Equation 
The values of S. M. D. calculated from Equation (52) were plotted 
against the experimental values in Figs. 68 to 71 to show the ability of 
this equation to predict the S. M. D. of sprays produced by airblast 
atomizers over a wide range of, air and liquid properties. 
The agreement is very good in the case Of high viscosity liquids, 
as shown in Fig. 68, in the range of 1.29 x 10-3 to 44 x 10-3 Kg/m.. s, but 
the agreement is less satisfactory when the air velocity is low. 
Figure 69 shows the density datal and in general, within the range of 
liquid density from 0.933 x 103 and 1.83 x 103 Kg/M39 the correlation 
is satisfactory, 
The surface tension of the liquids studied varied from 26 x -3 
to 73.5 x 10-3 N/m (26 to 73.5 dyne/cm) and the ability of equation (52) 
to predict values of S. M. D, close to the experimental values can be 
observed in Fig. 70. 
Wattr and kbrosine were usedas low viscosity liquids to establish 
the relationship between S. M. D. and air velocity, and when the equation 
was applied in this case it was found that the agreement was good in 
the range of air velocity be ' 
tween 70 and 122 m/s and of air tb liquid 
mass ratio between 1.6 and 7.0. The main feature of Fig. 71 is that the 
scatter increases at higher values of S. M. D., while the agreement is 
quite close at low values of S. M. D. 
From the forementionod discussion it can be concluded that 
equation (52) gives very good correlation with the experimental results 
and covers wide ranges of all the variables influencing the process of 
atomization, 
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9.3. Comparison Between Equation (52) and Rizkalla-Lefebvrets 
Equation and Results 
It is worthwhile to apply the present equation to Rizkalla- 
Lefebvre's work to check whether the predicted values of S. M. D. will 
agree with the values calculated from their equation and to see how 
close they are to the experimental results obtained on their aromizer. 
The main difference between both equations is the appearance 
of thý film thickness in the present. equation, which can take different 
values under the different conditions of air and liquid properties, 
instead of the prefilmer diameter in Rizkalla-Lefebvrets equation, 
which is constant. Thus the first step that must be taken before making 
the comparison is to calculate the film thickness for each condition, 
taking into consideration the dimensions of the atomizer, from Equation 
(50). 
Figure 72 shows a direct comparison between the present 
equation and the Rizkalla-Lefebvre's equation. The experimental points 
they obtained are. also plotted in this figure. The range 
* 
of air velocity 
was from 54 to 122 m/s, and the water flow rate was 9.1 gr1s. It is 
quite impressive to note the close agreement between the present 
equation and both their experimental results and the equation they 
derived, especially at air velocities above 80 m/sj bearing in mind that 
the calculations went through two equations, (50) and (52)0 which 
increased the possibility of a large deviation from their equation* At 
low air velocity Equation (52) predicts higher values of S. M. D. 
The comparison for kerosine is shown in Fig. 73, and the - 
agreement at air velocities above 80 mls is clear. ' Over a considerable 
length of their experimental curve Equation (52) gives a nearly 
coincident plot. For liquids of high viscosity the equation derived 
in this work follows closely the experimental curve of Rizkalla and 
Lefebvre in the range from 2.8 x 10-3 to 50 x 10-3 Kg/m. s. 9 as given in Fig. 74, and that indicates the capability of Equation (52) to predict 
values of S. M. D. which are in reasonable. agreement with their work for 
both low and high viscosity liquids. This conclusion is shown in 
Figs. 75 and 76 where the mean drop diameter calculated from Equation (52) 
are plotted against the values they measured. 
It is important to notice that for viscous liquids Rizkalla- 
Lefebvre's equation assumes that the air density has a significant effect 
on both terms, but in the present study the experiments show that the 
dependence of S. M. D. on air density is only througli the first term. The 
second term of Equation (52) takes an approximately constant value 
when the air/liquid ratios are considered for all levels of air pressure (Table 4). 
9.4. Copparison Between E2uation (52) and Wirag's Work 
It is quite difficult to compare the present equation directlY 
with Wigg's equations due to differences in the method of forming the liquid sheets and exposing them to the air streams. In the N. G. T. E- 
atomizers he usedl the liquid passes through the inner annulus and flows 
outwards as a thin sheet at right angles to the axial air stream. 
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Thus the film thickness cannot be predicted from Equation (50). 
However, the comparison may be done by applying both equations to 
Rizkalla and Lefebvre's results. 
Figure 72 shows that Wigg's equation predicts lower values of 
S. M. D. than the experimental results for water, while it gives higher 
Values but better agreement for kerosine in Fig. 73, In'general his 
equation takes a nearly parallel form to the experimental curves over 
the whole'range of air velocity, although in some cases the difference 
between both curves is large. 
For high viscosity liquids, Wigg's equation predicts very high 
S. M. D. Is compared to the results obtained by Rizkalla and Lefebvre, and 
also to the equation derived in this work when applied to their atomizer, 
as shown in Fig. 74, 
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CHAPTER 10 
CONCLUSIONS 
Due to the increasing application of airblast atomizers'in 
modern gas turbine engines, all the variables which may have some 
effect on the process of atomizatipn should be investigated. So 
far very little has been done concerning the effect of the liquid 
film thickness on the mean drop size of sprays produced by this type 
of atomizer, and the mechanism of disintegration of this film. 
To facilitate the study of factors, two specially designed 
airblast atomizers of two-dimensional 
' 
cross section, producing flat 
liquid sheets, were used. The conclusions drawn from this work may 
be stated as follows : 
(A) Disintegration of Liquid Sheet- 
In the process of sheet disintegration the formation of 
liquid ligaments is an essential stage between the continuous 
liquid film and the separate droplets, and these ligaments 
exist under all air and liquid conditions. 
(2) With increase in air velocity the ligaments become shorter 
and thinner., and take a more uniform and straight shape. 
All the disintegration processes occur closer to the 
atomizing edge with increase in air velocity. 
(3) Liquids of low surface tension are easy to disintegrate by 
the action of air flow and the resulting ligaments or threads 
are shorter in length, while sheets of high viscosity liquids 
break into long thick threads which maý assume complex shapes. 
(4) With high density liquids the disintegration of the sheet 
starts at a short distance downstream of the atomizing edge 
where the threads appear to be drawn from the disrupted film, 
which suggests that more resistance to air effects should be 
expected from high density films. 
(5) Longer threads break up into larger drops due to the fact that 
the atomization process is completed far from the atomizing 
edge in regions of relatively low air velocity. 
(6) Thicker liquid sheets result in thicker ligaments, which in 
-turn disintegrate to larger drops. This highlights the 
importance of spreading the liquid into a thin sheet for good 
atomizatipn quality. 
a 
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(B) 
-Dr22_Size 
Distribution in Sprays 
The distribution of drop sizes in a spray gives useful 
information on the uniformity of that spray. The presence 
of some very small droplets is important for initiating 
combustion, while the bigger drops are responsible for 
soot formation and hydrocarbon emissions. 
(2) The mathematical expressions of Rosin-Rammler and the upper 
limit distribution function follow the experimentally 
observed distributions quite closely for both low and'high 
viscosity liquid sprays, and at all air velocity levels,. 
which makes it possible to use the distribution parameter 
defined in these expressions to compare the uniformity of 
various sprays, and also in calculating their mean drop 
sizes. 
(3) High air velocity has a beneficial effect on producing a 
more uniform spray containing fewer large drops, while 
increase in liquid flow rate will slightly reduce the 
uniformity of the spray. 
(4) The influence of liquid surface tension and viscosity are 
similar, that increase in either will tend to shift the 
distribution curve towards higher drop levels, and the 
sprays produced are less uniform. Liquid density has an 
insignificant effect on drop size distribution, although 
there is a slight displacement to lower drop sizes at lower 
densities. 
S. M. D. Is calculated from the mathematical expression agreo 
very closely with the values obtained by the optical technique, 
while S. M. D. Is determined by measuring and counting all the 
drops present in a sample obtained by ý photographic technique 
always have a higher value. This is attributed to the absence 
of the smallest droplets which do not appear on the 
photographic slides. 
(6) The experimental points fit reasonably well with Simmons' 
correlation of a drop size distribution when plotted in a 
'square root/normal probability' way, although in general 
the mean line of these points is slightly different, with a 
lower standard deviation, 
(C) Liquid Film Thicknes's 
Oy The thickness of the liquid sheet depends on both air and 
liquid properties and also on the dimensions of the airblast 
atomizer. High values of liquid viscosity and flow rnte 
result in thicker films, while high air velocity and high 
density, produce opposite effects. A thinner film may also be 
obtained by using a larger prefilmer diameter. 
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(2) The above conclusions are supported by the experimental data, 
the available models, and the theoretical derivations. 
(3) Liquid surface tension appears to have no effect on film 
thickness. However, it does have a significant influence on 
the entrainment of droplets. from the liquid surface into the 
air stream upstream of the prefilmer edge. Thus low surface 
tension decreases the critical air velocity for entrainment, 
and also increases the quantity of entrained liquid. 
(4) An expression is proposed to predict the film thickness as 
follows : 
t 
2.15 TI 1 
0.35 
W10.55 
which takes 
de0.55 ua0.9 (P 
a 
Pl) 
0.45 
into account the effects of air and liquid properties and also 
the characteristic dimension of the atomizer. 
(D) ., Mean Drop Size 
The values of the S. M. D. were determined experimentally by 
the scattering light technique which employed an He-Ne Laser 
as a light source. This method proved to be accurate over 
the range of drop sizes normally encountered in airblast 
atomizers. 
(2) The special-liquid solutions used in the testsýenabled the 
separate effects of viscosity, surface tension and density on 
atomization quality to be evaluated, while the design of the 
variable liquid gap helped to vary and control the initial 
film thickness. 
(3) For liquids of low viscosity such as water and kerosine the 
mean drop size decreases rapidly with increase in air velocity 
while high surface tension impairs atomization quality. The 
effect of liquid density on drop size is similar to that of the 
surface tension but to a lesser degree, especially at high 
levels of density. 
(4) For good atomization the air/liquid ratio should ideally exceed 
a value of 1.0. As thisýratio is increased the quality of 
atomization will gradually improve. However, no further 
improvement is gained by increasing the air/liquid ratio above 
a value of about 7. 
(5) Thicker liquid films result in coarser sprays. This can be 
observed from the continuous increase in mean drop size with 
increase in film thickness. 
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(6) Liquid Viscosity has an effect on S. M. D. that is quite 
separate and distinct from that of air velocity, and it is 
obvious that atomizers dealing with heavy liquids will 
produce sprays of large mean drop sizes no matter how high 
the air velocity. This suggests heating up the liquid to 
lower its viscosity to an acceptable level before feeding 
it into the atomizer. 
(7) Increasing the ambient pressure has a beneficial influence 
on atomization quality, especially for low viscosity liquids. 
(8) Based on consideration of all the effects mentioned above 
the mean drop diameter may be predicted by the following 
dimensionally correct equation : 
0.6 0.25 
W, 
0.85 
S. M. D. (in m) = 0.50 - (t)0.4 I+ 
( 
0.85 
v 
1. 
)w 
P2 
0.107 
Tll 
2 0.45 
mo. 55 
W, 
-7-- w 
.(I 
PI) a 
which covers the following ranges : 
Air velocity 70 to 122 mls 
Air/liquid ratio 1.6 to 7 
Air pressure' 1.01 33 x 10 
5 
to 10.133 x 10 
6 
Nlm 
2 
Liquid viscosity 1x 10-3 to 44 x lor3 Kg1m. s. 
Liquid surface tension 26 x 10-3 -to 73.5 x 10-3 Nlm 
Liquid density 0.78 x 10 
3 
to 1.83 x 10 
3 
Kg1m 
3 
3 
and liquid film thickness is in m, and air density is in Kg/m 
(9) It is obvious from the equation that air density affects 
S. M. D. through the first term, while the second term is 
dominatod by the viscosity. 
(10) The equation wps applied to Rizkalla and Lefebvre's atomizer 
(Refs. 79 and 80) and showed reasonable agreement with their 
equation and experimental results for both low and high 
viscosity liquids, although the present equation predicted 
higher mean drop sizes at low air velocities. 
The comparison with Wigg's equation (Ref. 90) was carried out by 
applying both equations to Rizkalla and Lefebvre's atomizer. 
There Is some agreement in the case of kerosine, but Wigg's 
equation predicts lower values of S. M. D. than both the present 
equation and Rizkalla-Lefebvre's equation when applied to water. 
There is no agreement for liquids of high viscosity. 
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10.1. Suggestions for Fýiture Work 
1. Due to the fact that the use of heavy and residual fuels 
in gas turbine engines is inevitable, the problems which 
accompany the atomization and combustion of these fuels 
should be studied carefully. 'Certainly, a good way to 
produce reasonable fine sprays is by means of an airblast 
atomizer. Thus it is of great importance to investigate 
the capability of this atomizer to deal with heayy.. 
_fuel_s, and to ascertain the best operating conditions to achieve 
the best possible results. 
2. To avoid the tedious procedure of counting and sizing of 
drops some modifications should be made to the light 
scattering method to enable both mean drop size and drop 
size distribution to be determined directly. 
3. The effect of atomizer linear dimension needs more work to 
establish its precise influence-on the mean drop size, and 
its relation to other variables involved in the atomization 
process,, 
REFERENCES 
56 
REFERENCES 
ANSON, D. "Influence of the Quality of Atomization on 
the Stability of Combustion of Liquid Fuel 
Sprays" 
Fuel, Quarterly Journal of Fuel Science, 
Vol. 32,1953, p. p. 39-51. 
2. BATER, K. M. and -"The Performance of an Airspray Atomizer in 
POULTON, W. R. the Primary Zone of a Gas Turbine Combustion 
Chamber" 
N. G. T. E. C. P. C. Note'No. 23, June 1966. 
3. BENNETT, P. G. "Airblast Atomization" 
Cranfield Thesis, Department of Aircraft 
Propulsion, June 1962. 
4. PB. CHEMICALS "Hyvis Polybutenes" 
INTERNATIONAL LTD. - Technical Booklet No. 1IB 102/2. 
BERBENTE, C. P. and "Hydrodynamics of Wave Flow" 
RUCKENSTEIN, E. A. I. Ch. E. Journal, Sept. 68,772. 
6. BEVANS, R. S. "Mathematical Expressions for Drop Size 
Distribution in Sprays" 
Conference on Fuel Sprays, University of 
Michigan, Ann Arborl Michiganj 
March 30-31 - 1949. 
7. BLOCK, A. G. "Some General 'Laws Governing Droplet Size 
BAZAROVp S. M. and Distribution on Atomization of Liquid" 
NAKIFAAN , Yu. V. Thermal Energy 14,7j pp 45 - 
1967. 
8. DORDNER, G. L. "Stability of Liquýd Films Adjacent to 
NAYFE111 A. H. and Compressible Streams" 
SARIC, W. S. College of Engineering, Virginia polytechnic 
Institute and State Universityp 
VPI-E-73-3 - Jan. 1973. 
9. BRIFFA9 F. E. J. and "Entrainment of Air Into a Liquid Spray" 
DOMBROWSKI, N. A. I. Ch. E. Journalg Vol. 12, No. 40 July 1966, 
pp, 708 - 717. 
to. BROWNING,, J. Ai and "Effect of Fuel Droplets on Flame Stabilityp 
KRALL9 W. G. Flame Velocity and Inflammability Limits" 
5th Symposium on Combustion (International) 
1955, pp. 159-163. 
BRYANq R. H. "An Experimental Study of an Airblast 
Atomizer" 
Cranfield M. Sc. Thesis, Department of Aircraft 
Propulsion, Oct. 1967. 
57 
BRYAN, R. H. "Some Observations of the Atomizing 
GODDOLE, P. S. and Characteristics of Airblast Atomizers" 
NDRSTER, E. R. Cranfield International Pymposium Series, 
Vol. 11, Edited by E. R. Norster, 
Pergamon Press, 1971. 
13. BUEVICH, Yu. A. and "Stability-of a Laminar Film Flow" 
GUPALO, Yu. P. Mekhanika Zhidkosti, 'Gaza, Vol. 1, NO-1, 
pp 105,1966. 
14. CASTLEMAN, R. A. "The Mechanism of Atomization of Liquids" 
- 
National Bureau of Standards Journal of 
Research (U. S. Dept. of Commerce), Vol. 6, 
No. 281,1931, p. 369. 
15. CILARVONIA, D. A. "An Experimental Investigation of the Mean 
Liquid Film Thickness and the Characteristics 
of the Interfacial Surface in Annular, 
Two-Phase Flow" 
Paper Presented at Winter Ann. Meeting of 
A. S. M. E. N. Y. Nov. 26th - Dec. 1st. 
61-WA-243. 
16* CHIN, J. and "Mass Production of 300-Micron Water 
KEVORKIAN, V. Droplets by Air-Water, Two-Phase Nozzles" 
Industrial and Engineering Chemistry, 
Process Design and Development, Vol. 7, 
No. 4, Oct. 68, pp. 586. 
17. CLARE., J1. and "Measurement of the Thickness of a Liquid 
ASHWOOD, P. F. Film on the Surface of a Rapidly Rotating 
Discs' 
Instrument Practiceg Vol. 161 19 Jan. 62, 
pp. 70, 
18. CLARE, H. "Study of Fuel Injbction in Air Breathing 
GARDINER, J. A. and Combustion Chambers" 
NEALE, M. C. Advisory GP for Aero Res. & Dev. (AGARD) 
NASA Sci & Tech, Aero Repts. 1964. 
19. CLARE, 11. and "An Airblast Atomizer for Use with Viscous 
RADCLIFFE, A. Fuels" 
Journal of Institute of Fuels, Vol. 27j 
Oct. 1954, p. 510. 
20. CLARK, C. J. and "On the Photographic Analysis of Sprays" 
DOMBROWSKIv N. Aerosol Science, 1973, Vol. 4, pp. 27, 
P6rgamon Press. 
21. COHEN, L. S. and "Height of a Liquid Film in a Horizontal 
IIANRATTYt T. J. Concurrent Gas-Liquid Flow"* 
A. I. Ch. E. Jnl. March 66, Vol. 12, No. 2,290. 
58 
22. COHEN, N. and "Evaluation of Swirl Atomizer Spray 
WEBBv M. J. Characteristics by a Light Scattering 
Technique" 
Princeton University Aeronautical 
Engineering Laboratory Rept. No. 597, 
Feb. 1962.. 
23. COLLIER, J. G. and "Film Thickness Measurement in Two-Phase 
HEWITT, G. F. Flow" 
British Chemical Engineering May 1967, 
pp. 709. 
24. CRAPPER, G. D. "A Note on the Growth of Kelvin-Helýholtz 
DOMBROWSKI, N. Waves on Thin Liquid Sheets" 
JEPSON, W. P.. and Jnl. of Fluid. Mech. 1973, Vol. 57, Part 49 
PYOTr, G. A. D. pp. 671. 
25. DEISS, W. E. "The Optical Determination of Particle Sizes 
Obeying the Upper Limit Distributioh 
Functi-on" 
Princeton University T4esisj'Dcpt* of 
Aeronautical Engineering, May 1960. 
26. DICKINSON, D. R. and "The Rates of Evaporation of Sprays" 
MARSIIALL, Jr. W. R. A. I. Ch. E. Jnl. Vol. 14, No, 4j July 68, 
pp. 541. 
27. DOBBINS, R. A. "Measurement of Mean Particle Sizes of 
CROCCO, L. and Spray from Diffractively Scattered'Light" 
GLASSMAN, J. A. I. A. A. Jnl. Vol. 10 No-89 Aug. 631 pp. 1882. 
28, DOMBROWSKI, N, "A Method of Identifying Double-Flash 
Exposures" 
British Jnl. of Applied Physics, Vol. 6jNo. 1j 
Jan. 55, pp, 17. 
29. DOMBROWSKIp N. and "A Photographic Investigation into the 
FRASERt R. P. Disintegration of Liquid Sheets" 
Philosophical Trans. of the R. Society 
of Londonp Series A. Mathematical and 
Physical Sciences, No. 9249 Vol. 247, 
pp. 101, Sept. 54ý 
30. DOMBROWSKI, N. "A Short Durationt Double-Flash System for 
FRASER, R. P. and Simultaneous or Delayed Operation" 
PECKO G. T. Jnl. of Sci. Instruments, Vol. 32, No. 9, 
Sept. 55t pp. 329. 
31. DOMBROWSKIp N. and "The Aerodynamic Instability and Disintegration 
JOHNS, W. R. ' . of Viscous Liquid Sheets" 
Chem. mg. Sci. 1963s Vol-18, pp. 203. 
32. DORMAN, R. G. "the Atomization of a Liquid in a iFlat Spray" 
British Jnl-of Appl. Physics, Vol. 3, june 52p 
pp. 189. 
59 
33. DURST, F. and "Local Velocity Measurements in Atomized 
WHITELAW, J. H. Sprays" 
Imperial College of Science and Technology, 
Dept. of Mech. Eng. Oct. 7i (ET/TN/AI12). 
34. ELLIS, S. R. M. and "The Parallel Flow of Two Fluid Streams: 
GAY I, B. Interfacial Shear and Fluid-Fluid 
Interaction" 
Trans. of the Inst, of Ch. Engs. Vol . 37, 
No. 4,1959, pp. 206. 
35. FRASER, R. P. 
. 
"Liquid Fuel Atomization" 
6th Symposium on Combustion (International), 
1957. 
36. FRASER, R. P. and "The Dependence of Interpretation on ' 
DOMBROWSKI, N. Photographic Technique in Fluid Kinetics 
Research" 
Proc. of the Third International Congress 
on Ifigh-Speed Photography, London 10th-15th 
Sept. 1956. 
37. FRASER, R. P. "The Mechanism of Disintegration of Liquid 
DOMBROWSKI, N. and Sheets in Cross-Current Air Streams" 
ROUTLEY Appl. Sci. Research, Volumes A1_1-A121 
1962-63. 
38. FRASER, R. P. "The Atomization of a Liquid Sheet by an 
DOMBROWSKI, N. and Impinging Air Stream" 
ROUTLEY, J. H. Chem. Eng. Sci. Vol. 181 No. 6, June 1963, 
pp. 339. 
39. MSER v R. P. "Liquid Atomization 
in Chemical Engineering" 
EISENKLAM, P. and British Chem. Eng. Vol. 2, pp 414,496,536 
DOMBýOWSKIO N. and 610,1957. 
40. FRIEDMAN9 S. J. and "Liquid Films in the Viscous Flow Region" 
MILLERp C. O. Ind. and Eng. Chems, July 19419 Vol. 33p NO. 7f 
pp. 885. 
41. GIFFENp E-. "Atomization of Fuel Sprays" 
Engineering, Vol. 174j july 19529 pp. 6. 
42. GIFFEN, E. and "The Atomization of Liquid Fuels" 
MURASZEW, A. Chapman and Nall Ltd. 1953. 
43. GODDOLE, P. S. "The Effect of Ambient Pressuro on Airblast 
Atomizer Performance" 
, 
Cranfield Thesis, Dept. of Aircraft 
Propulsion, Sept. 68. 
44. GODFREY$ D. "An Assessment of a Light Scattering Technique 
for Drop Size Measurement" 
Crunfiold Thesis, Dept. of Aircraft 
Propulsion,, Scpt. 1969. 
60 
45. GRETZINGER, J. and "Characteristics of Pneumatic Atomization" 
MARSHALL, Jr. W. R. Jnl. of the American Institute of Chem. 
Eng. Vol. 7, No. 2, June 61, pp. 312. 
46. HANRATTY, T. J. and "Stability of the Interface for a Horizontal 
WOODMANSEE, D. E. Air-Liquid Flow" 
Symposium, on Two-Phase Flow, Exeter 
21-23 June 1965, Vol. 1, pp. A101. 
Y47. HANRATTY, T. J. and "Interaction Betweenýa Turbulent Air 
ENGEN, J. M. Stream and a Moving Water Surface" 
A. I. Ch'. E* Jnl. Vol. 3, No. 3, pp. 299, Sept. 57. 
48. HEATH, H. and "The Performance of an Airblast Atomizer" 
RADCLIFFE, A. N. G. T. E. Rept. No. 71, June 1950. 
49. HEWITT9 G. F. and "Annular Two-Phase Flow" 
HILL-TAYLOR, N. S. Pergamon Press 1970. 
50. HEWITT, G. F. "Techniques for Liauid Film and Pressure 
KING, R. D. and Drop Studies in Annular Two-Phase Flow" 
LOVEGROVEt P. C. Chem. Eng. Division, Atomic Energy Research 
Establishment, Harwell, Berkshire, 1962. 
51. HRUBECKY, H. F.. "Experiments in Liquid Fuel Atomization", 
Jnl. of Appl, Physics, Vol. 29,1958. 
52. JACKSON, M. L. "Liquid Films in Viscous Flow" 
A. I. Ch. E. Jnl. Vol. 1, No. 2, pp. 231, June 55. 
53. JENKINS, D. C. and "The Time Required for High Speed Air Streams 
BOOKER, J. D. to Disintegrate Water Drops" 
Ministry of Aviation, Aeronautical 
Research Council C. P. No. 827,1965. 
54, JOYCE$ J. R. "Fuel Atomizers for the Gas Turbine" 
Shell Thornton Research Central 
Miscellaneous 396,1948. 
55. KAPITSAO P. L. "Wave Flow in Thin Films of Viscous Liquids" 
Zhurnal Eksper. Teor. Piz. Vol. 18, No.!, 
pp. 19,1948. 
56. KERKERj M. "The Scattering of Light" 
Academic Press, 1969. 
57, KUYPERS, J. P. D. "Effect of Fuel Injection Method on Exhaust 
Smoke and Weak Extinction Performance of 
an Industrial Gas Turbine Combustor" 
C. I. T. Thesis Sept. 1972. 
58. LEE, D. W. "The Effect of Nozzle Design and Operating 
Conditions on the Atomization and 
Distribution of Fuel Sprays" 
National Advisory Committed for Aeronauticst 
18th Annual Rept, 1932, N0.425, pp. 505. 
61 , 
59. LEFEBVREO A. H. 'Trogress and Problems in Gas Turbine 
Combustion" 
10th Symposium on Combustion, 1965, pp. 1129. 
60. LEFEBVRE, A. 11. "Design Considerations in Advanced Gas 
Turbine Combustion Chambers" 
Cranfield International Symposium Series, 
Vol. 10, Edited by E. I. Smith, Pergamon Press, 
1968, pp. 3-19. 
61. LEFEBVRE, A. H. and "The Development of an Airblast Atomizer for 
MILLER, D. Gas Turbine Application" 
Cranfield College of Aeronautics, Rept. 
Aero No. 193, June 1966. 
62. LEFEBVREv A. 11. and "A Proposed 'Double. Swirlerl Atomizer for 
NORSTER, E. R. Gas Turbine Fuel Injection" 
Cranfield S. M. E. Report'No. 1, June 1972, 
63. LEWIS, H. C. "Atomization of Liquids in High Velocity Gas 
EDWARDS, D. G. Streams" 
GOGLIA, MeJ. Industrial and Eng. Chemistry, Vol. 40, No. 1p 
RICE, R. I. and Jan. 48, pp. 67. 
SMITHO L. W. 
64. LILLELEHT, L. U. and "Relation of Interfacial Shear Stress to the 
HANRATTY, T. J. Wave Height for Concurrent Air-Water Flow" 
A. I. Ch. E. Jnl. Dec. 1961,548. 
65. LOCKHART$ R. W. and "Proposed Correlation of Data for Iso-Thermal 
MARTINELLIt R. C. Tw6-Phase, Two Component Flow in Pipos" 
Chom. Eng. Progress, Vol. 45, No. 1, Jan 49,39. 
66, LONGWELLt J. P. and "Mixing and Distribution of Liquids in High- 
WEISS, M. A. Velocity Air Streams" 
Industrial and Engng. Chemistry,, Vol. 45t 
No, 3, March 53,667. 
67. LORENZEM I G. E. "Influence of Liquid Properties on Plain Jot 
Air-Blast Atomization" 
Cranfield Ph. D. T11esis9 April 1976. 
68. LUCAS, J. "The Jet-Engine Fuel SystOm"s Fhghto Vol. 490 
Jan. 1946#' p. 41. 
69. MACEY, W. R. "A Study of'the Factors Influencing Fuel 
Prefilming and Spray Angle in Airblast 
Atomizers" 
Cranfield S. M. E. Thesis, Sept. 1971. 
70. MAYER# E. "Theory of Liquid Atomization in High Velocity 
Gas Streams" 
A. R. S. Jnl., Vol. 31,1961, pp, 1783. 
62 
71. MIESSE, C. C. "Recent Advances in Spray Technologyllý 
Appl. Mechanics Reviews, Vol. 9, No. 8, i 
August 56, pp. 321. ý--l 
72. MUGELE, R. A. and "Droplet Size Distribution in Sprays" 
EVANS, H. D. Jnl. of Industrial and Engng. Chomistry, 
Vol. 43, No. 6, pp. 1317, June 1951. 
73. NORSTER, E. R. and "Effects of Fuel Injection Methods on 
LEFEBVRE, A. H. Gas Turbine Combustor Emissions" 
Symposium on Emissions from Continuous 
Combustion Systems. General Motors Research 
Laboratories, Michigan, U. S. A, 1971. 
74. NUKIYAMA, S. and "Experiments on the Atomization of Liquid 
TANASAWA, Y. by Means of an Air Stream" 
Trans. of the Society of Mechanical Engse 
(Japan), Repts. 1-6, Vols. 4-6,1938-1940. 
75. POPOVI M. "Model Experiments on Atomization Of Liquids" 
N. A. S. A. T. T. P. 65, July 1961. 
76. RADCLIFFE, A. and "A Correlation of the Performance of Two 
CLAREv 11. Airblast Atomizers with Mixing Sections of 
Different Size" 
N. G. T. E. Rept. No. 144, Oct. 1953. 
77. RANGER, A. A. and "Aerodynamic Shattering of Liquid Drops" 
NIC11OLLSj J. A. A. I. A. A. Jnl. Vol. 71 No. 2, Feb. 1969, pp. 285. 
78. RIZKALLA, A. A. "The Influence'of Air and Liquid Properties 
- on Airblast Atomization" 
Cranfield Ph. D. Thesis, Sept. 1974. 
79. RIZKALLAI A. A. and "Influence of Liquid Properties on Airblast 
LEFEBVRE, A. H. Atomizer Spray Chaýacteristicslv 
A. S. M. E. Gas Turbine Conference, Zuricht 
April 1974, to be published in A. S. M. E. 
Trans. Jnl. of Engng. for Power. 
80. RIZKALLA9 A. A. and "The Influence of Air and Liquid Properties 
LEFEBVREj A. 11. on Airblast Atomization" 
A. S. M. E. Symposium on Fluid Mechanics of 
Combustion, Montreal Conference, May 74v 
to be published in A. S. M. E. Trans. Jnl. of 
Fluids Engng. 
81, ROBERTS, J. H. and "Measurement of Droplet Size for Wide Range 
WEBBO M. J. Particle Distributions" 
A. I. A. A. Jnl. Vol. 2, No. 3, March 64, pp. 583. 
82. ROBERTSp J. H. and, "The Use of the Upper Limit Distribution 
WEBBt M. J. Function in Light Scattering Theory as 
Applied to Droplet Diameter Measurement" 
Princeton University Aeronautical Eng. Labe 
Rept. No. 650,1963. 
63 
83. ROSIN, P. and "The Laws Governing the Fineness of 
RAMMLER, E. Powdered Coal" 
The Institute of Fuel, Oct. 33, pp. 29, 
Vol. 7. 
84. ROSSUMt J. J. van "Experimental Investigation of Horizontal 
Liquid Film Wave Formation, Atomization, 
Film Thickness" 
Chemical Engng. Science 1959, Vol. 11, pp. 3ý. 
85. SIMMONS# H. C. "The Correlation of Drop Size/Volume-Fraction 
Distributions in Fuel Nozzle Sprays" 
Paper Submitted for ASdE Winter Ann. Meetingj 
Dec. 5-10,1976. 
86. TAILBY9 S. R. and "Wave Inception on a Liquid Film Flowing Down 
PORTALSKI, S. a Hydrodynamically Smooth Plate" 
Chem. Engng. Sci. 1962, Vol. 17p pp. 283. 
87. TIPLER, W. "The Measurement and Significance of Fuel 
Spray Momentum" 
London Shell International Petroleum Co. Ltd. 
Oil Products Development Division O. P. D. 
Rept. No. 202/62M. 
88. WEISS, M. A. and "Atomization in High Velocity Air Streams" 
WORSHAM, C. H. Appl. Sci. Research, Vol. 29, No. 4, April 59, 
89. WIGG, L. D. "The Effect of Scale on Fine Sprays 
Produced by Large Airblast Atomizers" 
N. G. T. E. Rept. No. 236, July 1959. 
90. WIGGI L. D. "Drop-Size Prediction for Twin-Fluid 
Atomizers" 
Jnl. of the Institute of Fuel, V61.27, N9.286, 
Nov. 64, pp. 500. 
91. WO. ODMANSEE, D. E. "Mechanism for the Removal of Droplets from 
HANRATTYt T. J. a Liquid Surface by a Parallel Air Flow" 
Chemical Engng Sci. 1969, Vol. 24, pp. 299. 
92, YORKr J. L. and "Photographic Analysis of Sprays" 
STUBBSt H. E. Trans. of A. S. M. E., Oct. 1952, pp. 1157. 
93. YORKj J. L. "The Mechanism of Disintegration of Liquid 
STUBBS, H. E. and Sheets" 
TEK, M. R. A. S. M. E. Paper No. 53-8-40,1953. 
APPENDICES 
64 
APPENDIX A 
AN EXAMPLE OF THE CALCULATION AND REPREsENrATION OF DROP 
SIZE DISTRIBUTION 
An example of all the necessary calculations involved in finding 
the drop size distribution and the relevant mathematical expressions is 
given here for a spray produced from an airblast atomizer under the 
conditions of air velocity and water flow rate of 91.44 m/s and 13.6 gr4s 
respectively. The drops, which were measured and counted by means of 
the photographic technique described'in Chapter 6, are arranged in 
groups each of diameter (X) and niýmber of drops (n). It is required to: 
1. Calculate the S. M. D. directly from the data. 
2. Plot the volume fraction (Av/V) and number fraction (An/N) of 
each. group against the corresponding drop diameter W. 
3. Plot the drop distribution in the cumulative volume of drops 
having diameters larger than a given diameter ( (I - v) against X). 
4. Compare the distributions due to the mathematical expressions 
and the experimental one. 
5. Calculate the S. M. D. of the spray, from these expressions. 
Procedure of Calculation 
It is clear from Table (A. 1) thatýthe value of S. M. D., may be 
calculated directly from : EnX3/EnX2 which is 91 microns in 
the present example. 
2. The plots of Av/V and An/N against X are shown respectively in 
Figs. 23 and 22. 
3. From Table (A. 1) the drop distribution, (1-v) against X# may be 
plotted, and Fig. 24 shows similar plots for other sprays to give 
a good idea of the shape of the distributions, and the information 
which may be obtained from this type of representation. 
4. To find the size parameter (R) and the distribution parameter (q) 
of the Rosih-Rammler equation, Table (A. 2. ) is used to plot 
in ) vs X on log-log paper in a manner similar to Fig. 32 
V 
-1 Then the value of X for which I-v=e and the slope of the 
straight line represent the two parameters. The values in the 
present example are R= 106 and q=3.46, 
The parameters of the'U. L. D. F. are determined by plotting 
x) 
against 100 v on log-probability paper, where X xm-xm 
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is the maximum size drop which is f ound by trial and error to 
give the best alignment of data points. The inclination of the 
line gives directly the parameter (6), while the value of a is 
dete 
. 
rmined from a= 1/u 50 where u 50 
is the value of u at 
100 v= 50 as shown in Fig. 33. In this case X= 235 microns, 
m 
1.05, and a=1.515. 
From the equations given in Chapter 6 both expressions may 
be plotted with the experimental distribution, as shown in Fig. 35. 
5. The values of S. M. D. are obtained from both expressions according 
to the equations given in Chapter 6. The values are: 
S. M. D. = 83 microns (Rosin-Rammler) 
and S. M. D. = 82 microns (U. L. D. F. ) 
which illustrates how close are the values of S. M. D. when predicted 
by both expressions. 
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APPENDIX B 
ML'MODS OF MEASURING LIQUID FILM 711ICKNESS 
(1) Photometric Method 
The principle of this technique is to pass a beam of light of 
constant intensity perpendicularly through the liquid film and to 
detect the intensity on the other side by means of photomultiplier. 
The light transmitted by a layer of light-absorbing medium (T) is 
related to the thickness of that layer (t) by Lambert's law : 
= exp (-Kt) 0 
where 10= intensity of the light source 
I= intensity of-light beam after passing through the film 
K= the absorption coefficient 
The output of the photomultiplier tube is fed through a d. c. 
microameter to enable the thickness to be measured and, if required, 
to an os 
' 
cilloscope for makingphotographic records of the liquid 
surface shape. To increase the sensitivity of the apparatus it is 
necessary to increase the value of k by adding small quantities of a 
suitable dye. This. method was reported to be accu; rate by Charvonia 
<Ref. 15) although many criticisms could be made against this technique. 
For example the intensity of light detected may be reduced by means 
other than absorption. The light may be scattered and reflected away 
from the detector in case of wavy liquid surface. To apply this method 
to measure liquid film thickness in an airblast atomizer the light beam 
must find a clear path to penetrate perpendicularly through the film. 
(2) Some Electrical Methods 
The electrical resistance. (R) of a liquid film contained between 
two thin electrodes that are flush with the surface over which the film 
is flowing is related to the film thickness through a simple expression 
of the form : 
constant x r/R (b) 
where r isýa reference resistance of the liquid, and the constant can 
be found from calibration of the apparatus as given in'Ref. 84. 
For thin films the dependence of conductance upon film thickness 
is linear and independent of probe size when made flush with the surface, 
as in the above method. The following relationship. is reported in 
Ref. 49: 
2.918 Xt (c) 
where C is conductance in millimho'between the probes for a thickness Of 
t in thousandths of an inch, with a liquid of specific conductivity 
K (ohm 1. cm 1). 
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If there are two different media existing between two parallel 
metallic plates, then the system is considered equivalent to two 
condensers connected in series. Thus, in the case of an air stream 
flowing over a liquid film, with thickness t2 and tI respectively, the 
total capacitance is equal to 
CAE: o 
E: 1 C2 (d 
t 
2CI +tI C2 
where A= area of metallic plate 
CI 8' C2 = dielectric constants of air and liquid respectively 
C0= dielectric constant of free space = 8.85 x 10-12 Farad/m 
The value of film thickness (t I) calculated 
from equation (d) 
depends mainly on the accuracy of the circuits which are used to 
determine the capacitance. In general a small error in measuring the 
capacitance may result in a significant. deviation from the actual film 
thickness. 
(3).. HOt 32ire Anemometry 
This technique depends on the convective heat loss from an 
electrically heated sensing element to the surrounding fluid. This loss 
is a function of the temperature and geometry of the sensor and the 
velocity of the, fluid and its temperature. The heat 
' 
loss is equal to 
the electrical power delivered to the sensor and, assuming no'change in 
the temperature of the fluid, the velocity of that fluid can be 
calculated from the reading of an electrical bridge. 
By this means the film thickness can be determined when the liquid- 
flow rate is given. The size of the sensor must be extremely small to 
avoid any disturbance , 
to the liquid film and its position should be 
chosen carefully to obtain accurate and representative values of film 
thickness. 
(4) Fluorescence Spectrometer Method 
If a fluorescent dyestuff is added to the liquid, and a beam of 
light of a given wavelength is passed into the liquid filmg then the 
incident light will excite a fluorescence of a different wavelength. 
The amount of fluorescent light emitted increases with increasing film 
thickness and this amount may be metered by separating the fluorescent 
light from the reflected components of the incident light by means of a 
spectrometer and then measuring the resultant intensity with a 
photomultiplier. 
An apparatus employing this technique is described by Hewitt et al 
(Ref. 50) and is reported to be quite accurate and does not interrupt the 
liquid film. This method is most suitable when the liquid is recirculating 
but with airblast atomizersq there is a continuous discharge of liquid 
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which cannot be recirculated. This requires the continual addition of 
small amounts of dyestuff which may cause problems. 
Some other methods of measuring the liquid film thickness are 
contained in chapter 7 to c'over most of the available techniques in 
this field. 
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APPENDIX C 
DESCRIPTION AND, SPECIFICATION OF OPTICAL BENCH 
The optical apparatus, which is shown diagrammatically in 
Fig. 7 and Plates 3,5 and 6 was used to measure the Sauter mean 
diameter of the sprays under investigation with more accuracy than 
in previous studies due to the inclusion of more advanced optical and 
electronic units. The 5 mW-Ilelium/Neon Laser by Specta Physics 
(Model 120) has the following characteristics 
Beam Diameter :. 0.65mm at I/e2 points 
Beam Divergence 1.7 milliradians at I/e 
2 
points 
Wave length 632.8 nm (6328 
Beam Amplitude Noise (I to 100 IdIz): < 0.5% r. m. s. 
Beam Amplitude Ripple (120 Hz) < 0.2% r. m. s. 
Beam Polarization : Linear to better than I part per thousand 
Plane of Polarization : Vertical 
The "spatial filter" (Model 332) 
, 
has an aperture of 22 microns placed 
at the focus of the expanding lens of 12.8mm focal length, and the 
aperture assembly position in the optical unit may be adjusted in the 
X and Y position by two adjustment knobs nnd in tile Z position 
(axial alignment) by a rotational lock ring. 
"Beam Expanding Telescope" unit (Model 333) 
, 
is screwed to Model 
332 to produce a highly collimated beam of a diameter determined by 
the initial beam diameter (0.65 mm) and by the multiplication factor 
i. e. the ratio of focal lengths of the collimating'and expanding lenses: 
85/128 = 6.64. A beam diameter of 4.32mm is then obtained at I/e2 points, 
and this enlargement of the beam is to. reduce the beam divergence or 
spread. 
Both the collimated light beam and the light from a small lamp are 
chopped in a synchronous way by a rotating perforated discp and the 
electrical signals produced by the photomultiplier tube and the 
photo-cell transducer which is detecting the lamp light are passed into 
the Gate circuit (Fig. 9), thus the unwanted output of the phototube 
due -to stray light in the system is reduced and sensitivity is increased, 
The receiving side consists of 60 cm focal length lens focussing 
the monochromatic beam onto a 22 microns aperture which is part of 
Spectra-physics Model 332 stripped of its condensing lens, and 
finally the beam travels the distance to the photomultiplier tube 
through an interchangeable neutral density filter. The tube (located 
in a PR-1400 RF photomultiplier housing by "Products for ResearchfInc. ") 
is of the type 9658R, manufactured by E. M. I. and has 11 venetian 
blind dynodes having highly stable CsSb secondary emitting surfaces. 
With this tube at 6328 
Xa 
Quantum Efficiency of 11.4% and a 
responsivity of 57 mA/w is achieved. 
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The electrical signal from the photomultiplier is passed into 
the Synchronous Demodulator, (Fig. 9) and (Plate 5), to reach the 
X-Y plotter (type Bryans 26001, main frame A4, single pen) where 
it is amplified by a logarithmic amplifier -module(type Bryans 26236). 
The X-axis displacement of the plotter is electrically connected to 
a Hewlett-Packard 7 DCDT-1000 linear displacement transducer which 
is mechanically linked to the photomultiplier trolley (Plate 6). 
This arrangement allows to plot the scattered light profile 
which can be used to find 1/10th of the maximum intensity and the 
corresponding traverse distance and hence the Sauter mean diameter. 
The main feature of these plots is that the interpolation of the 
curves to eliminate the unscattered parts takes *place over a shorter 
distance from the optical axis, which certainly improves the accuracy 
of determining the S. M. D. 
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r 
TABLE (1 ) 
Solutions of t)ie synthetic hydrocarbon polymer, 11yvis 
Polybutene No. 05 in kerosine to obtain a wide range of 
viscosity : 
Solution ni cr 1 Pi 
Pure kerosine 1.293 27,67 0.784 
30% Hyvis 05 2.868 28.67 0.800 
407o Ilyvis 05 4.286 28.78 0.809 
50% Hyvis 05 6.042 28.87 0.812 
60% Hyvis 05 9.789 29.17 0.819 
70% Hyvis 05 17.014 30.08 0.823 
80% Ilyvis 05 33.802 30.16 . 0.828 
85% Hyvis 05 44.104 30.27 0.830 
90% Hyvis 05 76.541 30.46 0.833 
957o Hyvis 05 123.921 30.70 0.838 
Pure Hyvis 05 218.562 30.96 0.840 
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TABLE (2) 
Mixtures of sac-Butyl Alcohol (Butan -2 ol) with water 
to obtain different values of surface tension 
Solution TI CY p 
Pure Water 0.998 13.45 0.998 
1.48 % Butan-2-ol 1.121 55.94 0.990. 
2.44 % Butan-2-ol 1.131 51.89 0.988 
3.85 %, Butan-2-ol 1.150 46.45 0.986 
6.98 % Butan-2-ol 1.274 39.45 0.983 
11.11 % Butan-2-ol 1,404 33.96 0.980 
16.67 % Butan-2-ol 1.712 29,07 0.978 
25.93 % Butan-2-ol 2.342 26.77 0.068 
Pure Butan-2-ol 3,468 24.16 0.807 
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TABLE -(3) 
Dibromo-ethane (ethylene dibromide) diluted with 
methylated spirit to obtain a wide range of density 
Solution TI cy 
Pure methylated spirit 1.530 26.17 0.812 
9.09 %' Dibromo-ethane 1.537 29.86 0.933 
13.04 % Dibromo-ethane 1.545 30.29 0.978 
16.67 % Dibromo-ethane 1.552 30.71 1.031 
23.08 % Dibromo-ethane 1.559 31.14 1.123 
28.47 % Dibromo-ethane 1.566 31.56 1.213 
37,50 % Dibromo-ethane 1,574 31,99 1.315 
44.44 % Dibromo-ethane 1.581 32.42 1.430 
50.00 % Dibromo-ethane 1.588 3ý. 84 1,503 
54.00 % Dibromo-ethane 1.597 33,27 1,634 
60.00 % Dibromo-ethane 1.603 33.70 1.830 
Pure Dibromo-ethane 1.727 42.05 2.180 
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TABLE (4) 
y 
Variation of S. M. D. with ambient air pressure for high viscosity 
liquids. 
Liquid 
properties 
Test 
No. 
Air 
2 
Press. 
N/m x 10- 
Air Density 
Kg/m3. 
w1 /W 
a 
; D. S. M* 
. microns 
viscosity 1 l. '73 2.06 0.0524 87 
17.014xlO-3Kg/m. s- 2 2'. 42 2.88 0.054. 69 
ýurface Tension 
30 O&X, 0-3 NIM. 3 3.10 3.72 0.0477 61 
Density != 4 3.80 . 
4.55 0.05 57 
0.823xlO 3 Kg/m 
3 
5 4.50 5.40 0.05 54 
6 5.20 6.20 0.05 51 
Viscosity 7 2.42 2.88 0.16 63 
6.642xIO-3Kg/m. s. 8 3.10 3.72 0.16 53 
Surface'Tension 
28.87xlO-3N/m 9 3.80 4.55 0.173 49 
Density = 
g/m3 0.812xlO3K 10 4.50 5.40 0.16 45 
5.20 6.20 0.18 43 
Pressure Mo. 
AP2.6% 
P 
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